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A TEM study of crystalline silicates in the matrices of MET 00426 and QUE
99177 CR3.0 chondrites: Constraints on the formation mechanisms of dust in the solar
nebula
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B.S., Geology, Western Kentucky University, 2009
M.S., Earth and Planetary Sciences, University of New Mexico, 2012

ABSTRACT

Understanding the constituents of fine-grained nebular dust prior to asteroidal
accretion is a significant challenge in meteoritics. The key to understanding nebular dust
lies in chondritic meteorites, which are composed of undifferentiated solar system
materials. Chondritic matrices are a subnanometer mixture of amorphous material,
silicate grains, sulfides, and other phases, that act as the “glue” for larger components. In
the pristine chondrites (petrologic type 3.00) the matrix preserves some record of the
primary characteristics of nebular dust. Two CR carbonaceous chondrites, MET 00426
(CR3.00) and QUE 99177 (CR3.00), are likely the most pristine meteorites ever
described (Abreu and Brearley, 2010). The mineralogy of crystalline silicate grains in the
matrices of these two chondrites has been studied here using focused ion beam (FIB) and
transmission electron microscopy (TEM) techniques. Dark-field scanning transmission
electron microscopy (STEM) imaging, along with bright-field TEM and energy
v

dispersive X-Ray spectroscopy (EDS) techniques were used to understand mineralogical
and chemical characteristics. FIB sections consist of extremely fine-grained, amorphous
material (<50 nm in size). Additionally, each section contains crystalline or
nanocrystalline silicate grains, varying in size from <100 to 1000 nm in diameter. These
grains are MgO-rich or FeO-bearing olivines and pyroxenes. These crystalline silicates
exhibit unequilibrated major and minor element compositions, but distinct compositional
groupings of olivines and pyroxenes can be identified. We infer that the crystalline
silicate materials in the matrices of these chondrites formed by different mechanisms that
include nebular condensation under equilibrium and disequilibrium conditions, followed
in some cases by annealing prior to accretion. Our data discount chondrule fragmentation
as a significant source of the fine-grained matrix olivines. Although these chondrites have
similar matrix mineralogy and chemistry, FeO-bearing crystalline silicates are more
common in MET 00426 matrix than in QUE 99177, indicating that the matrices of these
chondrites did not sample the same reservoir or source of crystalline silicate nebular dust.
Nevertheless, in many cases, these grains have are similar in composition to other
primitive silicates, like interplanetary dust particles (IDPs) and amoeboid olivine
aggregates (AOAs), and could share a common formational mechanism or represent the
nanoscale equivalent of these objects.
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1: INTRODUCTION
Astrophysical models for the origin of the solar system consider that the planets and
other smaller bodies such as asteroids formed from a disk of dust and gas, the so-called solar
nebula or protoplanetary disk, which surrounded the protosun (REIPURTH, 2005). The
protosun and associated solar nebula formed as a result of the local gravitational collapse of
interstellar gas and dust within a giant molecular cloud. The age of formation of our solar
system is constrained as the time when the first solid grains began to condense from the solar
nebular gas as highly refractory mineral grains. These oldest solar nebular solids are
preserved in chondritic meteorites, in the form of refractory Calcium, Aluminum-rich
Inclusions (CAIs) that yield ages of 4.567 billion years, as determined by radiometric age
dating using isotope systems such as the 207Pb-206Pb system (AMELIN et al., 2002).
In addition to CAIs, chondritic meteorites (chondrites) also contain a variety of other
distinct solid components, such as chondrules, fine-grained matrix, Fe-Ni metal and organic
materials that record the complex history of early solar system evolution. Most of these
chondritic materials were formed from precursor amorphous interstellar dust by processes
such as condensation, evaporation and melting within the solar nebula (NUTH et al., 2005).
These processes changed most of the amorphous interstellar dust, derived from the
primordial molecular cloud, into crystalline materials, and resulted in the formation of the
high temperature component of chondrites, that includes igneous chondrules (millimetersized, silicate spherules), amoeboid olivine aggregates, and CAIs. After formation, these
components are considered local nebular material, although both amorphous grains and an
extremely small fraction (<<1%) of presolar (interstellar) grains survive in chondrites (NUTH
et al., 2005). Some of the finest-grained portion of nebular materials coalesced to form the
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matrix that occurs interstitially to the macroscopic chondrules and CAIs in chondritic
meteorites (SCOTT et al., 1988).
The matrices of pristine chondrites contain a complex mixture of submicron- to
micron-sized materials, composed primarily of silicate-like material, including interstellar
grains (NAGASHIMA et al., 2004; NGUYEN and ZINNER, 2004). However, most researchers
agree that chondritic matrices are composed largely of nebular materials (BREARLEY, 1996;
HUSS et al., 2005; NUTH et al., 2005; SCOTT et al., 1988; SCOTT and KROT, 2005) whose
origins are not fully understood. The fine-scale nature of chondritic matrices makes them
particularly susceptible to metamorphic and alteration effects due to their high surface
energies and their largely amorphous, metastable natures. As a consequence, in most
chondrites, matrices have lost their primary nebular characteristics due to secondary
overprinting that occurred after accretion into asteroidal parent bodies. Nevertheless, the
matrices of the few pristine, low petrologic type meteorites available for study are extremely
chemically and structurally unequilibrated, providing samples of material preserved from the
solar nebular (NUTH et al., 2005). Thus, studies of unequilibrated fine-grained matrices
provide samples of primordial nebular material. Such studies are essential to test both
theoretical models of solar system formation and remote sensing data from planetary nebulae
in the observable universe.
Among all chondritic meteorites, petrologic type 3.0 chondrites contain nebular
materials that are the least affected by the secondary aqueous alteration or metamorphic
events that can erase the primary characteristics of fine-grained matrix materials. As a
consequence, these meteorites preserve the most pristine record of early solar system
processes within their matrices. The Renazzo-type chondrites (CRs), in particular, are
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considered to be one of the most chemically primitive classes of chondrites, based on the
mineralogy and chemistry of CAIs, chondrules, Fe,Ni-metal, and matrix material (KROT et
al., 2002b). Despite this fact, the majority of CR chondrites are nonpristine, petrologic type
2s, indicating that they have experienced extensive aqueous alteration (WEISBERG et al.,
1995). However, Abreu and Brearley (2010) reported a detailed petrologic study of two CR
chondrites that are perhaps the most pristine chondrites ever described. These two chondrites,
Meteorite Hills (MET) 00426 and Queen Alexandra Range (QUE) 99177, are Antarctic
finds. Both chondrites, in addition to exhibiting no detectable evidence of thermal
metamorphism, have escaped the significant aqueous alteration that is a characteristic of
most members of the CR group that have been described previously. MET 00426 and QUE
99177 have been classified as petrologic type 3.00 (ABREU and BREARLEY, 2010) chondrites,
the most pristine end-member value of the classification scheme defined by Grossman and
Brearley (2005).
Despite their pristine natures, QUE 99177 and MET 00426 have not completely
escaped aqueous alteration. Abreu and Brearley (2010) noted micron-sized, localized areas of
aqueous alteration products in the matrices of both meteorites, an observation which has been
confirmed by a more recent study (LE GUILLOU and BREARLEY, 2012). The latter study has
provided more details about the possible mechanisms of localized aqueous alteration. Despite
these areas of incipient aqueous alteration, all studies confirm that these meteorites are
extremely pristine, unequilibrated specimens that provide a unique opportunity to study
nebular materials, particularly the fine-grained matrix component.
The number of very low petrologic type 3 chondrites identified to date is certainly
less than 10. However, because of their scientific importance, efforts to identify new samples
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of very low petrologic type carbonaceous and ordinary chondrites are a significant area of
research in meteoritics. In particular, such pristine meteorites are the major source of silicatebearing presolar grains that provide unique information into the nature of dust within
molecular clouds. Indeed the presence of high abundances of such grains is itself a very good
indicator of a low petrologic type for a given meteorite and provides further confirmation of
classifications based on more conventional mineralogical criteria [e.g. QUE 99177 (CR3.00),
MET 00426 (CR3.00), Allan Hills (ALHA) 77307 (CO 3.0-3.1), Acfer 094 (Ungrouped
3.00), Y81020 (CO3), and Adelaide (Ungrouped C3) (ABREU and BREARLEY, 2010;
BREARLEY, 1991; BREARLEY, 1993; FLOSS and STADERMANN, 2009a; FLOSS and
STADERMANN, 2009b; GRESHAKE, 1997; GROSSMAN and BREARLEY, 2005; KIMURA et al.,
2008; NEWTON et al., 1995; ZHAO et al., 2011)].
Matrix is an inherently challenging and time-consuming material to study due to its
very fine-grained, submicron nature. However, our understanding of the characteristics of
matrices has increased significantly since the 1960’s due, in large part, to the increased
application of transmission electron microscopy (TEM). This technique provides extremely
high resolution textural, crystallographic and compositional data at the subnanometer scale.
The study of matrices is complicated further because most chondrites, including matrix
material, have been modified to varying degrees by secondary processes. It is now
recognized that the only way to truly understand the origin of chondrite matrices is to
investigate samples from the most pristine meteorites where secondary overprint effects on
the primary nebular record are minimal. While recent studies of pristine meteorite matrices
have invoked several working models for matrix formation [e.g.(ALEXANDER et al., 1989b;
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BREARLEY, 1993; GRESHAKE, 1997; HUSS et al., 2005; SCOTT and KROT, 2005)], many
additional questions about the details of the origin of matrix material remain.
One of these questions has been stimulated by an unusual characteristic of MET
00426 and QUE 99177 matrices, noted by Abreu and Brearley (2010). These meteorites have
a high abundance of fine-grained matrix materials, which account for about one third of the
total volume of each chondrite (ABREU and BREARLEY, 2010). However, both meteorites
contain a remarkably low modal abundance of fine-grained crystalline silicates in their
matrices when compared with other type 3.0 carbonaceous chondrites such as Acfer 094
(ungrouped 3.00) and ALHA 77307 (CO3.0). The crystalline silicate abundances in the
matrices of these two meteorites are estimated at ~50 vol. % and ~40 vol.% of matrix
materials in Acfer 094 and ALHA 77307, respectively (Brearley ,1993; Greshake, 1997). As
a consequence, Abreu and Brearley (2010) only reported very limited data for crystalline
matrix silicate phases. However, given the highly unequilibrated nature of these two
meteorites, further studies of this rare crystalline silicate component are extremely important
because they represent the most pristine samples of fine-grained, crystalline silicate dust
currently known in chondrites and hence can provide constraints on the sources and
mechanisms of formation of these materials. Such data are also important for comparison
with other fine-grained, pristine solar system materials, such as interplanetary dust particles
(IDPs).
In this study we have characterized crystalline phases in matrix materials of MET
00426 and QUE 99177 in order to better understand their origins and the constraints they
provide on nebular processes. The location and identification of crystalline silicate phases is
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facilitated by the use of the focused ion beam (FIB) sample preparation technique, rather than
the ion milled samples used for most of the Abreu and Brearley (2010) study.
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2: SAMPLES AND METHODS
This study was carried out using polished petrographic thin sections, two from MET
00426 and two from QUE 99177, which were graciously provided by the Antarctic Meteorite
Working Group from the Antarctic Meteorite Collection of NASA Johnson Space Center.
FIB sample sections were extracted from doubly-polished demountable petrographic thin
sections that were made using chips of MET 00426 and QUE 99177. These thin sections
were originally prepared to enable TEM work to be carried out using conventional ion
milling techniques. Instead, the sections were utilized for FIB sample preparation in this
study to preserve as much material as possible of these rare meteorites. In addition, several
FIB sections were extracted from thin section MET 00426 (,24) that was used by Floss and
Stadermann (2009a) for their isotopic study of presolar silicate grains using NanoSIMS
analysis. The FIB sections from this thin section were originally prepared to study individual
presolar silicate grains within regions of matrix, but identifiable grains were not located in
the sections or were lost during FIB sample preparation.
In this study, nine electron-transparent FIB sections were prepared from
representative regions of interchondrule matrix from MET 00426 and QUE 99177; five FIB
sections were extracted from MET 00426 and four from QUE 99177. Areas of interchondrule
matrix were selected using BSE imaging using a FEI Quanta 3D Field Emission Gun
SEM/FIB at the University of New Mexico, operating at an accelerating voltage of 5 to 10
kV with a beam current of ~0.75nA. Analyzed regions were chosen to be as homogeneouslooking as possible in BSE images and free from visible isolated phases with grain sizes >1
μm, with the exception of one MET 00426 FIB section which intersects a fine-grained
chondrule rim, and one QUE 99177 FIB section which cross-cuts an iron-oxide weathering
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vein. In all other sections, terrestrial weathering products, such as the veins described in
detail by Abreu and Brearley (2010) were avoided. The selected areas were extracted using
the FIB milling techniques used by Abreu and Brearley (2010). Prior to FIB extraction, a
protective layer of platinum was deposited on the selected site to prevent ion beam damage to
the sample during the FIB sample preparation. Samples were extracted in situ using an
Omniprobe 200 micromanipulator. The samples were then adhered to a copper Omniprobe
TEM grid and thinned to electron transparency using the FIB. The Ga ion beam conditions
used for the final thinning stages varied from 5 – 30kV with a current of 10 pA – 5 nA.
TEM studies were carried out at the University of New Mexico using a JEOL 2010
high resolution transmission electron microscope (HRTEM) and the JEOL 2010F FASTEM
field emission gun (FEG) scanning transmission electron microscope (STEM/TEM) both
operating at 200kV. A variety of different techniques were used to locate and characterize
individual crystalline silicate grains [e.g. selected area diffraction (SAD), energy dispersive
X-Ray spectroscopy (EDS) analysis, and high-resolution transmission electron microscopy
(HRTEM)]. Quantitative EDS analyses were obtained with an Oxford Instruments INCA 200
Energy Dispersive X-Ray analysis system fitted with an ultrathin window EDS detector on
the JEOL 2010, and an Oxford Instruments INCA energy dispersive X-Ray spectroscopy
system with an Oxford Pentafet ultrathin window detector on the JEOL 2010F TEM. We
used both scanning and static beams for X-ray microanalysis on the JEOL 2010F TEM and a
static beam on the JEOL 2010 TEM. Analysis with a rastered beam in STEM mode (probe
size 1.0 nm) on the JEOL 2010F was the preferred method of data acquisition rather than a
static focused electron probe. The electron beam was rastered over a small, user-defined area
within the interior of selected grains in STEM mode. This technique was shown to have two
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advantages: 1) Using a highly focused stationary probe on the FEG instrument was found to
cause significant loss of Mg from olivine during the analysis acquisition time. Rastering the
beam over a region of the sample was found to mitigate this problem significantly, although
in some cases did not eliminate it completely. As a consequence, some analyses of very finegrained olivine grains do exhibit a deficiency in Mg compared with ideal stoichiometric
olivine. 2) The raster mode was also found to reduce carbon contamination from building up
on samples during analysis. A disadvantage of carrying out the analysis in STEM mode on
the 2010F is that the count rates are relatively low and consequently analytical live times of
>1200s per measurement were required to obtain good counting statistics. In an effort to
standardize measurement time and to gain statistically significant data, individual analyses
were obtained with 10,000 ± 1,000 counts in the center of the Si peak of each EDS silicate
measurement. Data reduction was carried out using the Cliff-Lorimer thin film
approximation using theoretical K-factors (CLIFF and LORIMER, 1975). Detection limits vary
by element, but for the minor elements in this study (Cr, Mn, Fe), the detection limits range
from 0.05 to 0.15 wt. %, depending on collection times, and the detection limit is different
for each analysis.
Finally, we obtained volume percent estimates of matrix components (e.g. amorphous
matrix, crystalline materials, etc.) by counting pixels in Dark-field (Z-contrast) STEM
photomosaics of entire FIB sections using Adobe Photoshop CS4 software.
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3: RESULTS
The SEM observations of Abreu and Brearley (2010) explain in detail the relationship
of fine-grained matrix materials with the macroscopic components of MET 00426 and QUE
99177 (chondrules, CAIs, amoeboid olivine aggregates, etc.), and will not be discussed
further in this paper. The occurrence of fine-grained matrix in the thin sections examined in
this study is consistent with the observations of Abreu and Brearley (2010). An SEM
overview of each meteorite can be seen in Figures 1 and 2. Similar to other CR chondrites,
these meteorites contain abundant type I chondrules (MgO-rich) with Fe,Ni metal often
found in or around the chondrules (ABREU and BREARLEY, 2010; WEISBERG et al., 1993).
Fine-grained materials (matrix, fine-grained rims, and dark inclusions) constitute ~ 20 to 30
vol. % of both meteorites. Areas of fine-grained interchondrule matrix are often cross-cut by
FeO-rich alteration veins, but these veins were avoided in this work.

Figure 1. SEM BSE images showing the textural characteristics of typical areas of QUE 99177 (A) and MET
00426 (B) thin sections. Chondrules (Chond) and matrix (Mx) are labeled on the images. Iron-nickel metal
grains (bright white) are abundant and typically occur within chondrules.
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Figure 2. SEM BSE images showing a typical area of MET 00426 matrix at increasingly higher magnification
in images A through D. Most matrix material is submicron in size and even at the higher magnification cannot
be distinguished in D; areas of bright white are metals.

General Microstructural Characteristics of MET 00426 and QUE 99177 matrices
Low magnification, dark-field STEM imaging shows that all FIB sections of MET
00426 and QUE 99177 matrix consist largely of extremely fine-grained material (<50 nm in
size) that acts as a groundmass to larger (>150nm) silicates, sulfides, and other accessory
phases. Modal abundance data of each phase in MET 00426 and QUE 99177 matrix FIB
sections are tabulated in Tables 1 and 2. In each FIB section in this study, the amorphous
ferromagnesian silicate groundmass is the most abundant phase, ranging from 72 vol. % to
96 vol. % in MET 00426 and from 84 vol. % to 93 vol. % in QUE 99177. After amorphous
silicate material, submicron sulfide grains are the most common constituent, ranging from 1
11

vol. % to 6 vol. % in MET 00426 FIB sections and from <1 vol. % to 4 vol. % in QUE 99177
FIB sections. Representative dark-field, STEM images of the complete FIB sections
extracted from MET 00426 and QUE 99177 matrix are shown in Figure 3, and mosaics of all
FIB sections in this study can be found in Appendix I.
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Figure 3. Dark-field STEM mosaic images of FIB matrix samples from QUE 99177 (A) and MET 00426 (B).
In STEM images dark areas are low-Z and bright areas are high-Z. Most of the bright areas in these images are
sulfide grains, the diffuse medium gray represents amorphous material, and the dark areas are either void space
or carbon-rich grains. The jagged appearance at the top of these sections represents areas of material lost in the
FIB milling process.
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Although separate FIB sections contain similar mineral assemblages, each sample
shows unique textural characteristics. Several features are present in every FIB section of
MET 00426 and QUE 99177: (1) nano Fe-,Ni-sulfides (<150nm), most of which are subrounded to faceted and (2) isolated crystalline silicates (sizes range from ~100nm to 1µm).
Additionally, in six out of nine FIB sections in this study, aggregates of crystalline materials
exist which can contain silicates, sulfides, etc., although the exact mineralogy varies from
aggregate to aggregate. These aggregates also vary in size from several hundred nanometers
to several microns. Rare proto-phyllosilicates (<50nm) also exist in localized regions
(occupying areas <1 µm2), consistent with observations reported in previous studies of matrix
material in these meteorites (ABREU and BREARLEY, 2010; LE GUILLOU and BREARLEY,
2012).
Crystalline Silicate Matrix Material
In this study we have found a population of crystalline silicates (olivine and
pyroxene), which are present in each FIB section, several sections contain only one grain.
The abundance of crystalline silicates in each matrix FIB section ranges from <1 vol. % up to
5 vol. % in MET 00426 and from 3 vol. % up to 10 vol. % in QUE 99177. This is a much
lower proportion of crystalline silicates than that found in the matrices of other pristine type
3 meteorites.
Four distinct occurrences of crystalline silicates are present in the matrices of MET
00426 and QUE 99177: 1) isolated olivine grains, 2) aggregates of olivine, 3) isolated
pyroxene, and 4) aggregates of olivine and pyroxene. No aggregates consisting exclusively of
pyroxene phases were observed. Isolated grains are defined as single grains unassociated
with other crystalline silicates, and aggregate grains are those that share one or more edges
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with neighboring silicate, sulfide, or other distinguishable (nonamorphous) material (Figure
4). Compositional, textural and structural data for these different occurrences of olivine and
pyroxene are presented below. Compositional data for isolated and aggregate silicate phases
are presented in the same figures to facilitate ease of comparison between the two different
occurrences. The aggregates sometimes contain unusual materials such as carbonates
associated with silicate phases, and these are also discussed in the following sections.

Figure 4. Dark-field STEM image showing examples of isolated silicates (outlined in continuous white lines)
and a silicate aggregate (outlined with white dashes) in MET 00426. The surrounding material is amorphous
ferromagnesian silicate matrix and sulfides (bright white grains). Note that isolated silicates are often larger
than cluster silicates. All silicates in this image are subrounded to rounded, and there is one elongated forsterite
grain on the left.

Matrix Olivine Compositions – Isolated and Aggregate Grains
High quality, quantitative EDS analyses were obtained from twenty two matrix
olivines in MET 00426 FIB sections, and thirteen in QUE 99177 samples. These datasets
include analyses of both isolated and aggregate grains. Multiple additional grains were
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identified by semiquantitative EDS analyses, particularly in the silicate aggregates. However,
many of these analyses suffered from elemental loss under the intense FEG electron beam
and had poor stoichiometry. These analyses were excluded from the dataset reported below,
but did allow individual grains to be identified as either olivine or low-Ca pyroxene. The
EDS data for each silicate grain analyzed in this study can be found in Tables 3 and 4.
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Table 3. Individual EDS analyses for all olivine grains in this study. A shows olivine analyses from MET
00426 matrix and B shows olivine analyses from QUE 99177 matrix. Cations in formula were calculated using
4 oxygen.

20

21

Table 4. Individual EDS analyses for all pyroxene grains in this study. A shows pyroxene analyses from MET
00426 matrix and B shows pyroxene analyses from QUE 99177 matrix. Cations in formula were calculated
using 3 oxygen.

As a group, the compositions of MET 00426 matrix olivines span a range from Fo66
up to Fo99 (average = Fo93) while those in QUE 99177 range from Fo88 up to Fo99 (average =
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Fo98) (Fig. 5). In both meteorites, highly forsteritic compositions are common, although FeObearing grains (12 out of 22) are more prevalent in the dataset for MET 00426 olivine.
However, QUE 99177 contains MgO-rich olivine almost exclusively, with only two FeObearing grains. Most matrix olivines in these two meteorites have fayalite contents <2 mol.%
and these MgO-rich compositions show a distinct peak in the histogram shown in Figure 5.
For convenience, based on these observations and the criterion proposed by Grossman and
Brearley (2005), we define two compositional groups of matrix olivine, high MgO (< 2 wt.
% FeO) and FeO-bearing (> 2 wt. % FeO). Although this criterion was based on the
maximum Fo content in olivine in type IA chondrules, the dominance of highly forsteritic
olivine in matrices suggest that it also has utility when considering matrix olivine
compositions. In terms of their minor element contents (Cr2O3, MnO), the olivines exhibit
some variability as shown in Figures 6. Figure 7 shows the compositional relationships
between MnO and Cr2O3 vs. FeO for matrix olivines in both meteorites, the data
distinguished in terms of their textural characteristics, i.e. isolated and aggregate olivine.
Both groups show Cr2O3 and MnO concentrations >0.1 wt. % in most grains, but the MET
00426 dataset contains more Cr2O3-bearing olivines and QUE 99177 has a wider range in
olivine MnO contents (Figs.7, 8). The details of the compositional differences between MET
00426 and QUE 99177 olivines are discussed in more detail below.
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Figure 5.Histogram of olivine compositions (Fa content) in the matrix of MET 00426 (blue bars) and QUE
99177 (red bars). Most olivines in both meteorites are very MgO-rich. However, MET 00426 contains more
FeO-bearing grains than QUE 99177.

Figure 6.Histogram of minor element compositions (Mn and Cr in oxide wt. %) for all textural types of finegrained olivine in the matrices of MET 00426 (blue bars) and QUE 99177 (red bars). Most olivine grains in
QUE 99177 have MnO and Cr2O3 contents at or slightly above detection limits (~0.1 wt%, depending on the
analysis), while MET 00426 contains more olivines with higher concentrations of MnO and Cr2O3.
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Figure 7. Plot of minor elements Mn and Cr versus Fe (oxide wt. %) in MET 00426 and QUE 99177 olivine.
The data are distinguished based on texture (isolated and aggregate grains). All points are individual grain
analyses, and in the “aggregates” plots, each point represents an analysis from a single olivine found in the
aggregates. Notice the overlap in composition between the isolated and aggregate olivine. MET 00426 contains
more FeO-bearing, and Cr2O3-bearing olivine grains than QUE 99177. MET 00426 contains one aggregate
olivine with a Cr2O3 composition of 2.4 wt. % that was left off of this diagram, whose composition is indicated
by the blue arrow. In the isolated olivine found in MET 00426 there is a weak negative correlation between
MnO and FeO contents. The aggregate olivines in MET 00426 show a positive correlation with FeO. QUE
99177 aggregate olivines show no correlation between MnO and FeO content. There is a linear trend in the
Cr2O3 data with a positive correlation between FeO and Cr 2O3 in the aggregate olivines in both chondrites. This
same Cr2O3 correlation is evident in MET 00426 isolated olivines. Data for isolated olivines in QUE 9177 are
too limited to establish any minor element trends.
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Figure 8. Compositional relationship between the minor elements Mn and Cr (oxide wt. %) in MET 00426 and
QUE 99177 olivines. The data are divided based on texture (isolated and aggregate grains). All points are
individual grain analyses, and in the aggregates olivine plot each point represents an individual olivine found in
the aggregates. MET 00426 contains one aggregate olivine with a Cr 2O3 content of 2.4 wt. % that was left off of
this diagram, whose composition is indicated by the blue arrow. In the isolated olivines in both meteorites there
is a general positive correlation between Cr2O3 and MnO content, while aggregate olivines tend to show no
correlation and instead cluster around a single MnO value for each chondrite (~0.1 wt. % for most olivines in
QUE 99177 and ~ 0.5 wt.% for most olivines in MET 00426). The chemical relationship between the isolated
and aggregate olivine is complicated, but there is an overlap in MnO concentration in many cases.

Isolated Matrix Olivine
Isolated matrix olivines account for 10 of 22 quantitative olivine analyses in MET
00426 and 3 of 13 quantitative olivine analyses in QUE 99177. However, several more
isolated olivines were found where quantitative analyses could not be obtained (~10
additional grains). Isolated olivines in the matrices of both meteorites are single crystals that
are free of dislocations, and are surrounded on all sides by amorphous matrix material. In
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general, isolated olivines in both meteorites are larger than the olivines found in aggregates,
with diameters ranging from 100 nm up to nearly 1μm, though most grains are ~400 to 500
nm in diameter. Isolated olivines have a broad range of compositional values (Fig. 7) though
the dataset of high quality quantitative EDS analyses for both meteorites is quite limited
(Tables 3 and 4). In MET 00426, three out of 10 isolated matrix olivines are members of the
FeO-bearing compositional group defined previously. QUE 99177, within the limits of this
small data set, however, has a narrower range in FeO, with just one isolated olivine having an
FeO-bearing composition. These olivine grains exhibit little to no Mg-Fe zoning and show no
evidence for equilibration with surrounding materials (i.e. enrichment in Fe at the edges of
grains). Isolated olivine, taken as a group for both meteorites, show a weak positive
correlation between MnO and Cr2O3 content, although there is a lot of scatter in the data (Fig.
8).
Isolated olivines can further be split into two categories based on morphology: (1)
isolated, equant olivines and (2) isolated, elongate olivines (single crystals; Fig. 9). The first
type is more abundant, with the second type accounting for 3 of 13 isolated olivine grains,
one in QUE 99177 and two in MET 00426. Analytical electron microscope (AEM) analyses,
obtained from the cores of the first group of isolated matrix olivine grains give stoichiometric
MgO-rich compositions that range from Fo75 to Fo99, with no evidence of x-ray contributions
from adjacent amorphous matrix. The elongate olivine in QUE 99177 has a composition of
Fo88 and in MET 00426 the two elongate grains are Fo97 and Fo99. Analyses of the elongate
olivine also typically contain minor concentrations of S (< 0.2 wt. %), indicating some
overlap of the electron beam interaction volume with surrounding matrix materials.
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Compositionally, there is little that distinguishes elongated and subrounded isolated olivines
save for subtly elevated Al concentrations in one elongated grain.

Figure 9. Dark-field STEM images of an isolated elongate olivine (A) and an isolated rounded olivine (B) and a
bright-field TEM image of an isolated elongate olivine C).Grains are outlined by dashed black lines for clarity.
All isolated grains exhibit a sharp contact with surrounding amorphous matrix materials, are inclusion-free, and
show no evidence of dislocations or other structural defects. Nearly all isolated olivines are much larger than
those found in aggregates, but chemically, isolated and aggregate olivine grains are very similar (Fig. 7).
Elongate olivine grains such as the one shown in panel A are rare.

Matrix Pyroxene – Isolated and aggregate grains
Thirteen matrix pyroxenes (isolated and aggregate) were identified in MET 00426
FIB sections, and twenty seven were found in QUE 99177 samples, all of which are low-Ca
orthoenstatites, with only one grain showing intergrowths of orthoenstatite and clinoenstatite
(Fig. 10). No high-Ca pyroxenes were found. Like the olivine, multiple additional pyroxene
grains were identified by semiquantitative EDS analyses, particularly in the silicate
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aggregates (<10 grains). However, many of these analyses suffered from elemental loss
under the intense FEG electron beam and had poor stoichiometry. These analyses were
excluded from the dataset reported below. The EDS data for each pyroxene grain analyzed in
this study can be found in Table 4.

Figure 10. Dark-field STEM image of a large orthopyroxene in QUE 99177, one of the few angular
morphologies observed in this study. This is also one of just a few examples of orthoenstatite with clinoenstatite
intergrowths that are common in other pristine chondrites.

Similar to matrix olivines, matrix pyroxenes also occur as isolated grains and in
silicate aggregates. Individual QUE 99177 FIB sections contain up to 12 vol. % matrix
pyroxene crystals, and the overall pyroxene content based on the entire pixel area of all QUE
99177 FIB sections in this study is 6 vol. %. In contrast, individual MET 00426 FIB sections
contain up to 2 vol. % matrix pyroxene crystals, and the overall pyroxene content for MET
00426 FIB sections is ~0.5 vol. %. The pyroxenes in the matrix of both meteorites range in
size from ~100 nm to >1µm in diameter. Chemically, MET 00426 pyroxenes exhibit a broad
range of FeO contents, from En47 up to En97 (Fig. 11, average = En84). In comparison, QUE
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99177 contains MgO-rich pyroxenes with a narrower range of compositions from En76 up to
En99 (Fig. 11, average = En96), with variable minor element concentrations (Fig. 12). Similar
to the olivine results, we break these compositions into two groups: 1) MgO-rich (<2 wt. %
FeO) and 2) FeO-bearing (>2 wt. % FeO); both groups have detectable amounts of the minor
elements Cr and Mn (> 0.1 wt. % in most grains; Fig. 13). Also like matrix olivines, the
chemical compositions of both isolated and aggregate pyroxene occurrences overlap, though
isolated pyroxene tend to be mostly MgO-rich (Fig. 13). For both meteorites the most FeOrich compositions clearly occur in the pyroxene aggregates, with MgO-rich compositions
dominating the isolated pyroxene population.

Figure 11. Histogram of low-Ca pyroxene compositions (mole% Fs content) in MET 00426 (blue bars) and
QUE 99177 (red bars).QUE 99177 matrix FIB sections contain many more pyroxene than MET 00426, and also
contain more MgO-rich compositions.
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Figure 12. Histogram of pyroxene minor element compositions (Mn and Cr in oxide wt. %) in the matrix of
MET 00426 (blue bars) and QUE 99177 (red bars). Similar to the olivines, most pyroxenes in QUE 99177 have
MnO and Cr2O3 compositions that are higher than those in MET 00426 (detection limits are ~0.1wt. %,
depending on the analysis).

Figure 13. Analytical electron microscope EDS analyses showing minor elements Mn and Cr versus Fe
composition (all plotted as oxide wt. % values) in MET 00426 and QUE 99177 pyroxene. These results are
plotted based on occurrence (isolated and aggregate grains). Like matrix olivines, matrix pyroxenes in the two
different occurrences share chemical similarities, but isolated grains are exclusively MgO-rich, but aggregate
grains show a much broader range of compositions and can be MgO-rich or FeO-bearing. MET 00426 contains
more FeO-bearing pyroxene grains than QUE 99177.

31

Isolated Matrix Pyroxene
Isolated crystalline low-Ca pyroxenes occur with a heterogeneous distribution in both
MET 00426 and QUE 99177 matrices, and only grains with quantitative analyses are
reported here (Fig. 13). In MET 00426, isolated low-Ca pyroxene crystals account for seven
grains identified in this study. Such grains occur with similar frequency in QUE 99177, with
ten isolated grains identified in our FIB samples, ranging in composition from En96 to En99.
Several isolated grains exist in both chondrites that yielded only semiquantitative results and
these are not presented in the following text or figures. Isolated pyroxenes are often larger
than isolated olivine grains, with diameters ranging from 200 nm up to 2 μm, and are almost
always rounded to subrounded in morphology (Figures 4, 9b and 9c). Unlike olivine, no
elongated pyroxenes were identified in this study.
Isolated matrix pyroxene grains contain variable concentrations of the minor elements
Mn and Cr. These variations are illustrated in Figure 14, a plot of MnO and Cr2O3 contents
versus FeO for matrix pyroxenes. This plot shows that the MnO and Cr2O3 contents of
isolated pyroxenes in both meteorites range from ~0.3 up to ~1 wt %, with one grain showing
an anomalously high MnO content of ~1.5 wt. %. The pyroxene grains with >= 1 wt % MnO
may be considered Low-Iron, Manganese-Enriched grains (LIME), similar to those described
by Klöck et al. (1989). Isolated pyroxenes show a very weak positive correlation between
MnO and Cr2O3 concentrations when compared with FeO concentration in QUE 99177, and
no correlation in MET 00426. The first group, MgO-rich pyroxenes (<2wt. % FeO),
dominates the population of QUE 99177 pyroxene and accounts for just two pyroxenes in
MET 00426. The second group, FeO-bearing pyroxenes (>2wt. % FeO), contains the
majority of MET 00426 low-Ca pyroxenes and only two low-Ca pyroxenes from QUE
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99177. In summary, QUE 99177 is dominated by MgO-rich, low-Ca pyroxenes, while MET
00426 matrix pyroxenes, within the limits of this relatively small data set, are more FeObearing.

Figure 14. Plot of MnO vs Cr2O3 (wt. % oxide) for isolated and aggregate low Ca-pyroxenes in MET 00426
and QUE 99177 (EDS data, individual analyses all plotted as oxide wt. % values). Similar to matrix olivines,
there is no apparent correlation between Cr2O3 and MnO content of isolated pyroxene in the matrices of both
chondrites. However, the aggregate pyroxene do show a positive correlation between MnO and Cr2O3 content.

Silicate Aggregates in MET 00426 and QUE 99177 matrices
Crystalline silicates commonly occur as aggregates that are defined by a distinct
boundary with the adjacent amorphous material in the matrices of QUE 99177 and MET
00426 (Fig. 13). Volumetrically, 70% and 40% of all silicates occur within aggregates in
QUE 99177 and MET 00426, respectively. Aggregates range in diameter from 0.7-3 μm and
each exhibits unique textural characteristics. These aggregates, in the two-dimensional view
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provided by FIB sections, contain between three and ten individual silicate grains (this
estimate includes all grains, not just those for which quantitative analyses were obtained),
depending on the aggregate. Individual silicate grain sizes in aggregates are often much
smaller than their isolated counterparts, averaging about 200 nm in diameter (Fig. 4). These
aggregates show no evidence for alteration, and only two aggregates show evidence of
limited degrees of thermal processing (i.e. annealing). Compositionally, the silicate grains in
the aggregates show variable olivine and pyroxene compositions, ranging from Fo66-99 and
from En65-99 (Figs. 5 and 11). Figure 15 shows the minor element concentrations of grains,
with symbols grouped by aggregate. The majority of these aggregates are extremely
unequilibrated, with minor and major element compositions within individual aggregate
ranging widely in many cases, like the olivines in MET 00426 FIB 1 (Fig. 15). This
aggregate also shows a correlation between FeO and Cr2O3, but less so for FeO and MnO.
While there is considerable variability from one aggregate to another, some aggregates
contain grains with a limited range of compositions. The characteristics of these aggregates
are described in detail in the following sections.
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A.

B.

Figure 15. Analytical electron microscope EDS analysis showing minor elements Mn and Cr versus Fe
composition (all plotted as oxide wt. % values) in MET 00426 and QUE 99177 aggregates. These results are
broken up into graphs that display olivine (A) and pyroxene (B) compositions separately. Aggregates contain
more olivine than pyroxene in these samples. All points represent individual grains, except MET 00426 FIB 4
has one additional analysis plotted (i.e. two analyses for one grain are shown in this diagram). Clustering of
symbols indicates that the compositions of individual mineral grains in some aggregates are similar, i.e. may be
compositionally equilibrated. This is most apparent in aggregates found in QUE 99177 matrix.
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Silicate Aggregates in QUE 99177
QUE 99177 FIB 4
An aggregate composed entirely of olivine grains with compositions >Fo99 takes up
one third of this FIB section (~ 3 by 4 microns) (Figs. 16 and 17). This aggregate is 3 times
larger than all other aggregates identified in this study. The olivine grain sizes in this
aggregate are large, with diameters of 0.75 to 1 μm, and have subrounded to faceted
morphologies. A single, very small (~200nm) low-Ca pyroxene (En99) was also identified in
this aggregate. Olivine grains in this aggregate have minor element concentrations that are
below detection limits, with MnO and Cr2O3 compositions < 0.2wt. % and 0.3wt. %,
respectively (Fig. 15). The single low-Ca pyroxene indexes as orthopyroxene in SAD
patterns. This pyroxene has a MnO content that is below detection limits (<0.15 wt. %),
while its Cr2O3 content is about 0.2 wt%.

36

Figure 16.Bright-field TEM image of the olivine-rich aggregate in QUE 99177 FIB section 4. This aggregate
contains exclusively subround to slightly faceted grains of olivine with the exception of one small (200nm),
low-Ca orthopyroxene grain, which is not shown in this image. Every discernible grain in this image is a
subrounded olivine.
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Figure 17.Dark-field STEM image of the olivine-rich aggregate in QUE 99177 FIB section 4. This aggregate
contains exclusively subround to slightly faceted grains of olivine with the exception of one small (200nm) lowCa orthopyroxene grain (crystals are shown in green for olivine and blue for pyroxene in panel B). The grey and
black areas between olivine grains within the dotted line in panel B are voids (black spaces) or porous regions
of amorphous matrix material. Most, but not all, grains in this aggregate share a boundary with one another.
This image is rotated ~150° from Fig. 16.

QUE 99177 FIB 2
Two fine-grained (average grain diameter is <300 nm), compact, pyroxene-olivinesulfide aggregates were found in this sample (Figs. 18 and 19). The aggregates are about 1.5
μm apart, with typical amorphous ferromagnesian silicate matrix materials separating the
two. These aggregates are approximately the same size, elliptical in shape, and measure~3
μm in their longest dimensions.
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Figure 18.Dark-field STEM image of an aggregate in QUE 99177 FIB section 2, but both aggregates in this
section are very similar in texture and appearance. In Figure 18 B blue colors denote low-Ca pyroxene, red
indicates sulfide, and green highlights the only olivine grain in the aggregate. In B the gray areas between the
outlined grains are mostly composed of compacted amorphous materials and a few very small (<100 nm) grains
of sulfide and probably orthopyroxene, but these grains were too small to obtain EDS data that did not overlap
with amorphous areas.
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Figure 19. High magnification bright-field TEM image of an area of the aggregate in QUE 99177 FIB section 2
that is not shown in the STEM images in Figure 9, with mineralogy defined as follows: Sf is sulfide, En is
enstatite, and Amorph is amorphous material. The polysynthetic twinning indicative of clinoenstatite or
striations indicative of disordered intergrowths of ortho and clinoenstatite are absent in these pyroxenes and
other pyroxene grains in QUE 99177. This image is a portion of a larger aggregate, that is chemically and
texturally very similar to a neighboring aggregate in the same FIB section, possibly indicating that they are the
same aggregate in 3D but the 2D FIB section makes them appear distinct.

Diffraction patterns of pyroxenes in both aggregates index as orthorhombic low-Ca
pyroxene, although many grains were too small to obtain good SAD patterns. Pyroxene
grains in these aggregates have compact grain boundaries, as grains are often in direct
contact and there is very little interstitial porous material between individual grains (Figs. 18
and 19). These pyroxenes range from 200-500 nm in diameter and are all rounded to
subrounded with MgO-rich compositions, ranging from En85-97. Pyroxenes in these
aggregates have higher Cr2O3 contents than other pyroxene in QUE 99177 and MET 00426
matrix, ranging from 0.2 to 0.9 wt. % (Fig. 15). At one end of the aggregate five adjacent
pyroxene grains are present which have FeO-rich rims (seen in STEM images; 10-20 nm
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thick), similar to FeO-bearing rims around olivine grains found in the weakly
metamorphosed CO3.0 chondrite ALHA 77307 (BRUNNER and BREARLEY, 2011). Pyroxenes
at the other end of the aggregate are devoid of these FeO-bearing rims. Sulfides in the
aggregate range in size from 50-300nm, with subrounded to slightly faceted shapes, similar
to sulfides in other areas of QUE 99177 matrix. There is also one large forsterite grain
(~450nm, Fo98) located on the end of this aggregate that shares a tight boundary with the
surrounding pyroxene (Fig. 18).

Silicate Aggregates in MET 00426
MET 00426 FIB 2
This silicate aggregate is ~600 nm in its longest dimension, is compact and contains
no phases other than olivine (Fig. 20). This aggregate is composed entirely of forsterite
grains (300-400 nm in diameter) that all share grain boundaries with no interstitial
amorphous silicate material. The olivines are faceted, exhibit 120° triple junctions between
grains and are dislocation free. The olivines in this aggregate are MgO-rich (Fo93-96) with
Cr2O3 contents that range from below detection limits up to 0.8wt. % and MnO contents that
are at or below detection limits (< 0.1 wt. %; Fig. 15).
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Figure 20. Bright-field TEM image of an olivine aggregate in MET 00426 FIB 2. Faceted olivines occur in a
compact aggregate with no amorphous matrix embayments; a feature that is unusual for aggregates in these
meteorites. Olivine grains share a 120° triple junction in one area (shown in white dashed lines for clarity).

MET 00426 FIB 4
In this FIB section, we have identified an aggregate of three large, rounded forsterite
grains (Fig. 21A), ranging in diameter from 200-800 nm. These grains share mutual grain
boundaries, are dislocation-free, and contain no inclusions. All grains in this aggregate show
asymmetric FeO zoning. In one grain the olivine FeO contents range from 1 to 8 wt. % in an
EDS traverse across the grain (Fig. 21B), but all grains in this aggregate exhibit the same
asymmetric FeO zoning, albeit less pronounced in the other aggregate grains. The minor
elements Cr and Mn also show asymmetric zoning. The Cr2O3 and MnO concentrations of
the grain shown in Figure 21 range from 0.3 wt. % down to below detection limits and from
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0.3 up to 0.5 wt. %, respectively. Compositional zoning was not observed in any other grains
in either MET 00426 or QUE 99177.

[351]

Figure 21. A) Bright-field TEM image of forsterite aggregate in MET 00426 FIB 4 outlined in a dashed white
line for clarity. This aggregate consists of three individual grains that share grain boundaries. Small blue squares
imposed on the bright field image indicate an EDS traverse, the results of which are shown in B. B) AEM data
showing a core to rim compositional zoning profile in a forsterite grain within the aggregate in MET 00426.
Grains in this aggregate represent the only cases of zoning identified in all FIB sections of MET 00426 and
QUE 99177. The asymmetric zoning in the grain is characterized by an increase in FeO content from one end of
the grain to the other end, which is in turn correlated with an increase in Cr2O3 and a decrease in MnO.
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MET 00426 FIB 1
A fine-grained, olivine-sulfide-carbonate aggregate was found in this sample (Figure
22). This object is round and ~1μm in diameter. The aggregate is composed of subrounded to
rounded grains (<200 nm) of olivine, a few slightly faceted pyrrhotite and pentlandite grains
(<200 nm), and five larger grains (<500 nm) of a well-crystallized phase which electron
diffraction and EDS data show is an Fe-Mg carbonate. All grains in this aggregate have
distinct, sharp edges with embayed amorphous matrix-like interstitial material. The carbonate
grains have compositions that are magnesite-siderite solid solutions with a range between
Sd52 to Sd62, and will be referred to as siderite. The siderite grains are single, subrounded
crystals that are 2 to 3 times larger than the remainder of grains in the aggregate. The
siderites contain no inclusions of other phases, and are concentrated in a region toward one
edge of the aggregate where few olivine and sulfides occur. Olivine compositions in the
aggregate are Fo70-75 with variable Cr2O3, MnO, and TiO2 contents. Additionally, this
aggregate contains one olivine grain with Cr2O3 content that is >1wt. % higher than other
matrix olivine in MET 00426, and 2wt. % higher than olivines in QUE 99177 (Fig. 15).
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Figure 22. A) Dark-field STEM image of carbonate-bearing aggregate in MET 00426. B) The aggregate is
outlined with a black dashed line. Superimposed colors indicate grains for which positive identification has
been made, but does not represent all the grains that constitute the aggregate: Purple areas = carbonate, red
=sulfides, blue = pyroxene, and green=olivine. Those grains that are not outlined are too small to index using
SAD patterns, but EDS indicates they are a mixture of amorphous silicate-like materials and nanosulfides.
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4: DISCUSSION
The TEM observations presented here provide the first account of the occurrence and
textural diversity of crystalline silicate grains in QUE 99177 and MET 00426. These data
show that silicate grains with four distinct textural occurrences are present in the matrices of
the two meteorites: 1) isolated olivine grains, 2) aggregates of olivine grains, 3) isolated lowCa pyroxenes and 4) aggregates of olivine and pyroxene that can contain other non-silicate
phases such as carbonates and sulfides. The modal abundance of these silicates in the
different FIB sections studied ranges from <1 vol. % up to 5 vol. % in MET 00426 and from
3 vol. % up to 10 vol. % in QUE 99177 (Tables 1 and 2), with crystalline silicates occurring
with equal abundance as aggregates and isolated grains in MET 00426. In QUE 99177
crystalline silicates occur more often as aggregate grains, which account for 7% of all FIB
section material, compared to isolated grains that make up 1% of all QUE 99177 FIB
sections. Compositionally, olivine grains show considerable variability in terms of their
major and minor element compositions, with low-Ca pyroxenes showing a more restricted
range of compositions. Within the limits of our dataset, the populations of olivine and
pyroxene in QUE 99177 appear to be different from those in MET 00426, the former tending
to be MgO-rich and the latter exhibiting more FeO-bearing compositions. We discuss the
implications of these observations in the following section in the context of current models
for the origin of matrix materials in chondritic meteorites.
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Origin of matrix material in chondritic meteorites
Most researchers agree that matrices in very low type 3.0 chondritic meteorites
represent a disequilibrium mixture of primitive materials that formed in the solar nebula, in
addition to presolar phases. Chondritic matrices are comprised of submicron amorphous
material, crystalline silicates, sulfides, and organics (BREARLEY, 1993; BREARLEY et al.,
1989; COHEN et al., 1983; GRESHAKE, 1997; HUSS et al., 2005; NAGAHARA, 1984; NUTH et
al., 2005; SCOTT et al., 1988). However, with increasing metamorphic grade, this complex
assemblage undergoes progressive recrystallization and chemical homogenization of the
major elements (Fe and Mg) and minor elements due to diffusion, an equilibration process
that affects small, high-energy matrix grains first (GROSSMAN and BREARLEY, 2005). As a
result, matrix silicates only preserve primary nebular characteristics in the most pristine
meteorites; even those in weakly metamorphosed or altered chondrites have been modified to
varying degrees, overprinting the record of their formational histories. For instance, ALHA
77307 (CO3) is often regarded as a very pristine chondrite, yet we find evidence in the
crystalline matrix component of the first stages of metamorphic equilibration (BRUNNER and
BREARLEY, 2011).These equilibration textures are absent from MET 00426 and QUE 99177,
making them crucial samples in understanding the primary nebular record of matrix
materials. Likewise, in the most primitive ordinary chondrite, Semarkona (LL3.0), there has
been pervasive aqueous alteration, to the point that nearly all matrix material is completely
hydrated and altered to smectite phases (HUTCHISON et al., 1987; KROT et al., 1997), and the
primary nebular characteristics of the precursor matrix materials are lost.
The formation mechanisms of the major matrix components (e.g. amorphous silicate
and Fe-Ni sulfides), in MET 00426 and QUE 99177 have been discussed in detail by Abreu
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and Brearley (2010) and will not be discussed further in this paper. Instead, here we focus on
the constraints that the chemical and morphological characteristics of the rarer crystalline
matrix silicate materials provide for the conditions of formation, sources and processing of
matrix precursors (nebular material) in the protoplanetary disk.
Pristine character of QUE 99177 and MET 00426
Several lines of evidence strongly support the pristine classification of petrologic type
3.00 that Abreu and Brearley (2010) designated for both meteorites: 1) Matrix texture; both
chondrites have a high concentration of amorphous matrix silicate materials that are
extremely sensitive to thermal metamorphism and would rapidly recrystallize and equilibrate
at very low temperatures (>200° C); amorphous matrix materials are completely absent in
petrologic type >3.1 carbonaceous chondrites (ABREU and BREARLEY, 2011; PONTOPPIDAN
and BREARLEY, 2010). 2) The matrices of QUE 99177 and MET 00426 have a high S
content, along with abundant nanophase (<200 nm) sulfide grains (ABREU and BREARLEY,
2010), which are among the most thermally-sensitive materials in meteorite matrices. At
temperatures of 200° C and above these nanosulfides would recrystallize rapidly to form
larger grains (i.e. Ostwald ripening) (GROSSMAN and BREARLEY, 2005). The extreme
mobility of sulfides is well-known from extensive experimental studies reported in the
literature. 3) These meteorites have the highest measured abundance of interstellar silicate
and oxide grains with isotopically anomalous oxygen, with concentrations of 220 ± 40 ppm
and 160 ± 30 ppm for QUE 99177 and MET 00426, respectively (FLOSS and STADERMANN,
2009a). This is comparable to, or slightly higher than, the previous highest observed
abundances of O-anomalous presolar silicate plus oxide grains in the unique 3.0 chondrite
Acfer 094 (ungrouped 3.0 carbonaceous chondrite) and ALHA 77307 (CO3) (NGUYEN et al.,
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2007). 4) Likewise, the abundance of thermally-sensitive presolar C-anomalous grains in
these two CR chondrites is higher than in any other meteorite (FLOSS and STADERMANN,
2008b). Even small amounts of metamorphism and alteration can equilibrate exotic presolar
isotope signatures to solar values [e.g. (FLOSS and STADERMANN, 2009a).
Our new data for crystalline silicates in the matrix of MET 00426 and QUE 99177 are
entirely consistent with these previous observations. Matrix crystalline silicates in these
meteorites are highly variable in major and minor elemental compositions, particularly in
olivines. The silicate grains are largely MgO-rich, set in an FeO-rich amorphous matrix,
providing further proof that the matrices of both meteorites have not been equilibrated.
Grossman and Brearley (2005) identified Cr as an element which is extremely sensitive to
mobilization out of olivine during thermal metamorphism. With increasing metamorphism,
between petrologic types 3.0 and 3.2, primary igneous Cr2O3 zoning in ferroan olivine in
type IIA chondrules changes to much more complex zoning patterns and exsolution of a Crrich phase, possibly chromite, occurs within olivine grains. At or above petrologic type 3.2,
individual olivine phenocrysts have distinct layers of chromite around their peripheries.
To date, the behavior of Cr in olivine has only been used to study metamorphic
effects in chondrule olivine. In this study we have applied the same criterion to matrix
olivines to see if they record any evidence of parent body thermal metamorphic equilibration
or alternatively preserve a record of their nebular origins. The Cr2O3 contents of matrix
olivine should be particularly susceptible to thermal metamorphic processes due to their very
fine-grained nature. First, the data from this study show that when all olivine with FeO
contents <2 wt. % from both meteorites are considered (the same threshold for MgO-rich
grains used by Grossman and Brearley, 2005), the Cr2O3 contents of the olivine range from
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0.2-0.5 wt. % with two grains exhibiting significantly higher Cr2O3 contents (Fig. 23). With
the exception of the very high Cr2O3 grains, these olivine compositions are in the same range
as type IIA chondrule olivine in very low petrologic type carbonaceous chondrites, such as
Acfer 094 (ungrouped 3.0). With even moderate metamorphism, by type 3.2, type IIA
chondrule olivine has Cr2O3 contents <0.2 wt. % (GROSSMAN and BREARLEY, 2005). The
matrix grains are at least three to four orders of magnitude smaller than type IIA chondrule
olivine and would therefore show evidence of Cr2O3 loss at much lower levels of thermal
metamorphism than would be recorded in the compositions of the much larger chondrule
olivine grains. The fact that the matrix olivines retain a range of relatively high and
somewhat variable Cr2O3 contents indicates that they have not been affected by even very
low degrees of thermal metamorphism. This conclusion is supported by the asymmetric
zoning observed in one aggregate olivine grain which shows zoning with FeO positively
correlated with Cr2O3. This behavior is contrary to what would be expected for thermal
metamorphism, where Fe would diffuse into the grains from the matrix and Cr should be lost.
Additionally, we observe that crystalline matrix silicates in MET 00426 and QUE
99177 have very distinct, abrupt boundaries with surrounding amorphous materials, showing
no evidence of modification, such as metamorphic overgrowths, or the development of Fe
diffusion profiles into the grains. This contrasts with well-crystallized olivine in the matrix of
ALHA 77307 (CO 3.0), also considered to be a pristine chondrite, which exhibits narrow,
irregular overgrowths of FeO-rich olivine and very thin Fe diffusion profiles at the edges of
the grains. These features have been interpreted as the first stages of metamorphism in
chondrites (BRUNNER and BREARLEY, 2011).
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Collectively, these new data provide additional evidence that MET 00426 and QUE
99177 are the most pristine carbonaceous chondrites currently known. Hence they present a
unique opportunity to study the characteristics of fine-grained matrix, and specifically for
this study, the compositions of very fine-grained primary nebular silicates, that have escaped
any significant effects of thermal metamorphism.
Abundance of crystalline silicates in QUE 99177 and MET 00426
One of the major observations of Abreu and Brearley (2010) is that the abundance of
crystalline silicates in QUE 99177 and MET 00426 matrix is anomalously low compared
with other pristine, low petrologic type chondrites such as Acfer 094 and ALHA 77307. Our
new observations from multiple FIB sections of these two meteorites confirm that this
observation is correct. However, our new data show that although crystalline silicates are
rare, they are present in every FIB section studied by TEM, but their abundance is variable
from one section to another. Our observations show that of the MET 00426 and QUE 99177
FIB sections, fine-grained (100 nm up to <1µm) crystalline silicates comprise <2 vol. %
(olivine) and <1 vol. % (pyroxene) in MET 00426, compared with <3 vol. % olivine and <7
vol. % pyroxene for QUE 99177 (Tables 1 and 2). The much larger modal abundance of lowCa pyroxene in QUE 99177 is statistically significant and suggests fundamentally different
sources for the crystalline silicate materials in the matrices of these two meteorites. The
remainder of each sample is composed of FeO-rich amorphous silicate material (comprising
92.5 vol. % of MET 00426 and 88 vol. % of QUE 99177), sulfides (<4 vol. % of each
chondrite), and a small portion of other accessory phases (e.g. organic material, carbonates,
iron-oxides and some sections contain porous void space).
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Diversity of crystalline silicates in QUE 99177 and MET 00426
Our dataset of crystalline silicate grains shows that they consist exclusively of olivine
and low-Ca pyroxene in both chondrites. No other crystalline silicates have been observed.
Despite the limited mineralogy, crystalline matrix silicates with distinct major and minor
element compositions occur within the same FIB sections, sometimes located within a few
microns or less of each other (Fig. 23). These grains exhibit a variety of textural
characteristics, including isolated olivine and pyroxene grains, monomineralic aggregates of
olivine, aggregates of olivine and pyroxene and exotic aggregates that contain silicates with
other phases such as carbonates and sulfides. Possible mechanisms for the formation of these
grains will be discussed in detail below.
Compositional Diversity in Matrix Silicates
Considering the compositional datasets for olivine in MET 00426 and QUE 99177 as
a whole, a first order difference between the two meteorites is the relative abundance of FeObearing olivine. With few exceptions, olivine in QUE 99177 is extremely MgO-rich, rarely
containing more than 2 wt. % FeO and low-Ca pyroxene is also constrained to similar FeO
contents. In contrast, MET 00426 has a large population of grains with much higher FeO
contents, extending up to 35 wt. % FeO, a characteristic that is not seen in QUE 99177
silicates. However, it should be noted that the FeO-bearing olivine grains in MET 00426 are
still much less FeO-rich than most matrix olivine compositions in ordinary and carbonaceous
chondrites of type 3.1 and above (Fa40-50) (BREARLEY and JONES, 1998).
The difference between the two meteorites is even more apparent in the compositions
of low-Ca pyroxene in QUE 99177 and MET 00426. Low-FeO enstatite is abundant in QUE
99177, but very rare in MET 00426, the few, rare low-Ca pyroxene in the latter having FeO
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contents consistently <2 wt. %. These data demonstrate for the first time that there are
fundamental compositional differences between the crystalline silicate populations in the
matrices of these two pristine meteorites, within the limitations of our dataset. We address
the implications of this observation later in this discussion.
Having demonstrated that there are clear differences in the abundance and general
characteristics of the crystalline silicate grains in QUE 99177 and MET 00426, we next
consider the compositional datasets for each meteorite in detail. Here we explore similarities
between the two datasets as well as establish if there are distinct compositional groupings of
olivine and pyroxene within each meteorite. Compositional groupings in the data might
represent different nebular sources and hence may have different origins or formation
mechanisms. Alternatively, the compositions might be interpreted as representing a
continuum of compositions formed by the same mechanism. Although previously in the
analytical results section matrix silicates were discussed in terms of their textural occurrence
(i.e. isolated grains versus aggregate grains), here we discuss the dataset as a whole, focusing
on the observational and theoretical (largely thermodynamic) constraints for the origins of
different olivine and pyroxene chemical compositions.
Olivine
In the dataset of quantitative olivine analyses collected in this study, MgO-rich grains
are the dominant group in the matrix of QUE 99177, but are less common than FeO-bearing
olivine in MET 00426 (Fig. 24). Despite this difference, there is overlap in the datasets for
both chondrites. Highly forsteritic olivines in both chondrites show a narrow range of Cr2O3
contents which overlap in many cases (Fig. 24). However, the QUE 99177 group of silicates
has a much lower MnO content (average ~0.1 wt. %) than the MET 00426 group (0.5-0.6 wt.
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%). These data indicate that the ubiquitous MgO-rich silicate group displays distinct
compositional variations between the two meteorites; QUE 99177 has MgO-rich, low-Cr2O3,
and low-MnO olivine, while in MET 00426 we observe MgO-rich grains with low Cr2O3, but
higher MnO (Fig. 24). These high-MnO silicates in MET 00426 could reasonably be called
Low-Iron, Manganese-Enriched (LIME) silicates, according to the definition of Klöck et al.
(1989). Additionally, QUE 99177 contains only one MnO-enriched olivine that could be
called a LIME silicate composition. A small number of MgO-rich olivines in MET 00426
appear to be somewhat similar to the QUE 99177 low-Cr2O3, low-MnO group.
The second group of olivines, those that are FeO-bearing, also displays different
compositional trends in both meteorites. In MET 00426, FeO-bearing olivine grains can be
separated into two groups: a MnO-rich group (> 0.4 wt. % MnO) and a MnO-poor group
(<0.4 wt. % MnO). Both groups show positive correlations between FeO and MnO.
Likewise, FeO-bearing olivines in MET 00426 also show a positive correlation between FeO
and Cr2O3 (Fig. 24). These MET 00426 FeO-bearing olivines are dominantly found inside
silicate aggregates, but several isolated olivine also fit the trend. The most FeO-bearing
olivines in MET 00426 are located inside of one aggregate, but other aggregates also contain
FeO-bearing silicates, but with less extreme FeO contents (Fig. 23). Within the limit of the
dataset, FeO-bearing silicates in QUE 99177 also show little correlation between FeO, MnO,
and Cr2O3 (Fig. 24).
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Figure 23. A) Minor element composition of olivine by FIB section. B) Minor element compositions of
pyroxene by FIB section. The vertical dashed grey line is drawn at 2 Wt. % FeO. There is considerable
variability in grains that are located within a micron of one another.
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Figure 24. Compositional groupings of matrix olivine grains (isolated and aggregate grains; A and B) and
matrix pyroxene (isolated and aggregate grains; C and D) in MET 00426 (blue symbols) and QUE 99177 (red
symbols). Two regions of each plot are separated by a vertical gray dashed line that separate low-FeO olivine
(<2 wt. % FeO) from FeO-bearing (>2 wt. % FeO -blue shaded regions of each plot) compositions. The blue
shaded regions delineate plausible MgO-rich compositional groupings while the pink shaded regions indicate
FeO-bearing compositional groupings. The MnO data for matrix olivine in this study (A) indicate four distinct
compositional groups: 1) MgO-rich, high-MnO (occurs most often in MET 00426); 2) MgO-rich, low-MnO
(occurs most often in QUE 99177); 3) FeO-bearing, high-MnO (more common in MET 00426); and 4) FeObearing, Low MnO (found with a similar distribution in both meteorites). For the matrix olivine Cr2O3 vs FeO
plot (B) all analyses have relatively low Cr2O3 contents (<0.5 wt. %), except one point that is not shown here
(Cr2O3=2.3 wt. %), and groups can only be distinguished based on FeO-enrichment. The MgO-rich, low Capyroxenes show no discernible grouping with respect to either MnO (C) or Cr2O3 (D) concentration. Among the
MgO-rich pyroxene both oxides exhibit a continuum of concentrations from below detection levels to >1 wt. %.
The FeO-bearing pyroxene grains, however, show two groupings: 1) high MnO and low MnO (C); and 2) high
Cr2O3 and low Cr2O3 (D). Both FeO-bearing MnO groups show a negative correlation between MnO and FeO.
The low-Cr2O3 grouping shows no correlation with FeO, and the high-Cr2O3 group shows a negative correlation
with FeO content.
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Pyroxene
MgO-rich pyroxene is the dominant group in the matrix of QUE 99177 and the less
common group in MET 00426 (excluding several grains that only semiquantitative results
could be obtained for). Pyroxene in QUE 99177 shows a broad range of MnO and Cr2O3
contents that span from below detection limits up to what can be considered to be LIME
pyroxene compositions (>1 wt. % MnO) and Cr2O3 contents that span a similar range (up to
1 wt. %Cr2O3; Fig.23). The small group of MET 00426 MgO-rich pyroxenes, however,
shows a tighter compositional range of MnO contents that are all < 0.6 wt. %, while Cr2O3
contents show more variability but are all < 1 wt. %. These data indicate that the MgO-rich
pyroxene group displays distinct compositional variations between the two meteorites; within
QUE 99177, MgO-rich pyroxene has a wide range of Cr2O3 and MnO contents, while in
MET 00426 we observe few MgO-rich, low-MnO pyroxenes with variable concentrations of
Cr2O3 (Fig. 23). These data indicate that MET 00426 matrix sampled a very limited number
of MgO-rich pyroxenes, but that the environment or mechanism of formation of these grains
was either the same or similar to that of the more abundant MgO-rich pyroxenes in QUE
99177.
The second group of pyroxenes, grains that are FeO-bearing, also displays different
compositional trends in both meteorites. The number of FeO-bearing pyroxene grains for
which quantitative analyses could be obtained in this study is 11 in MET 00426 and 10 in
QUE 99177. The majority of QUE 99177 FeO-bearing pyroxene grains is found in a single
aggregate in QUE 99177 FIB 2 (Fig. 24); several more aggregate pyroxenes in MET 00426
and QUE 99177 produced only semi-quantitative results. In MET 00426, FeO-bearing
pyroxenes show a strong negative correlation between FeO and MnO over a wide range of
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FeO contents, while the QUE 99177 pyroxenes show no correlation (Fig. 23). In Figure 21b,
the data for FeO-bearing pyroxenes in MET 00426 suggest two possible compositional
groups. The first group consists of Cr2O3-poor, FeO-bearing pyroxene grains that show a
weak positive correlation between FeO and Cr2O3 (Fig. 23). The second group contains only
two data points and so must be considered to be tentative, but consists of Cr2O3-rich, FeObearing pyroxenes that show a strong negative correlation between FeO and Cr2O3. No
reasonable groupings for FeO-bearing pyroxenes in QUE 99177 can be assigned because of
the lack of data for this meteorite.
Implications of different silicate populations in MET 00426 and QUE 99177
One of the key observations from this study is that there are distinct differences in the
compositions of matrix crystalline silicates in MET 00426 and QUE 99177. Here we explore
the significance of these differences. In particular, most MET 00426 silicates are FeObearing compared to the MgO-rich compositions of nearly all QUE 99177 silicates. We
extracted FIB sections from different regions of matrix from at least two petrographic thin
sections from each meteorite. These thin sections were removed from different parent
fragments of the two meteorites, and so the compositional differences are not easily
explained by some kind of sampling bias. There appear to be real differences in the
crystalline silicate population sampled by the fine-grained nebular dust in these two
meteorites. In the following section, we discuss the possible origins of different
compositional groups of silicates in more detail and suggest that these groups may have
different formation mechanisms.
It seems improbable that formation of silicate grains by such a diverse array of
processes could have occurred in the same region of the nebula. Instead, these compositional
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differences imply that the silicate grain population is the result of mixing of grains formed at
different times and/or locations that were locally mixed prior to accretion. Although most
evidence indicates that the different chondrite groups sampled nebular components from the
same general reservoir in the nebula, our data provide compelling evidence, for the first time,
that matrix in these two meteorites did not sample identical reservoirs of very fine-grained
dust. Although FeO-bearing silicates are present in the matrices of both meteorites, it appears
that MET 00426 sampled a localized reservoir that was somewhat enriched in FeO-bearing
crystalline silicates while QUE 99177 matrix sampled less of this reservoir. Instead QUE
99177 matrix appears to have a higher proportion of crystalline silicates from an MgO-rich
reservoir. As discussed later, these differences may have arisen as a result of differences in
the local thermal processing of dust, perhaps by shock waves similar to those that formed
chondrules [e.g. (HARKER and DESCH, 2002)]. However, this conclusion must be stated with
the caveat that we cannot be completely sure that a few samples of matrix on the micron
scale are representative of the diversity within such unequilibrated chondrites. Nevertheless,
these differences do clearly imply that complete mixing of nebular materials at the micron
scale did not occur within the nebular dust that is represented by matrix, i.e. matrix materials
are not a homogeneous mixture of materials in all chondrites from the same group. Hence,
further studies of matrices in the CR chondrites are likely to provide further insights into the
diversity of nebular materials (and likely presolar materials) that were present in nebular
dust.
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Possible Origins of MgO-Rich Olivine and Pyroxene
This work represents a significant dataset of major and minor element compositions
for crystalline silicates in two very pristine meteorites which are virtually unaffected by
thermal metamorphism and aqueous alteration. Therefore, compositions and structures of
these grains record processes that occurred prior to accretion, within the solar nebula. Such
data have never been available before for CR chondrite matrices. The only similar dataset for
a very pristine chondrite has been presented by Grehaske (1997) for the unique carbonaceous
chondrite Acfer 094, which contains a much higher modal abundance of crystalline silicates
in its matrix (~50 vol. %). Most previous studies (e.g. Klöck et al., 1989) have presented
MnO data for matrix silicates, but these data were all from meteorites that have either
experienced significant aqueous alteration in their matrices or have undergone low degrees of
thermal metamorphism.
In the following sections, we now explore the possible formation mechanisms/sources
of both MgO-rich and FeO-bearing groups of crystalline silicates. For both groups of olivine
and pyroxene (MgO-rich and FeO-bearing) there are three main possible formation
mechanisms: 1) Crystalline matrix silicates represent the products of equilibrium
condensation from a gas in the solar nebula, 2) Crystalline matrix silicates were formed from
nebular and presolar material that was processed within the solar nebula; namely by partial
annealing of amorphous ferromagnesian material, or 3) Crystalline matrix silicates represent
fragments of chondrule olivine. It is also possible to form crystalline matrix silicates through
secondary parent-body processes such as a combination of aqueous alteration and thermal
metamorphism (BREARLEY and KROT, 2012). These possibilities will not be discussed further
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because these meteorites show little to no evidence for either process in their fine-grained
matrices.
Formation of MgO-rich Olivine by Nebular Condensation
Equilibrium condensation sequences follow the laws of chemical thermodynamics,
and can explain many of the volatility-dependent fractionations of elements observed in hightemperature early solar system materials [e.g. refractory inclusions such as CAIs and AOAs
(FEDKIN and GROSSMAN, 2006; GROSSMAN and LARIMER, 1974; KOMATSU et al., 2001;
LARIMER, 1967; LIN and KIMURA, 1998)]. However, many studies have shown that few CAIs
are actually direct gas-solid condensates, but are the products of complex processing
including melting, evaporation and recondensation (MACPHERSON, 2003). Nevertheless there
is broad agreement that gas-solid condensation was an extremely important process in the
early solar nebula. AOAs, for instance, are widely considered to be the result of equilibrium
nebular condensation (KROT et al., 2004b). Equilibrium condensation could be a viable
mechanism for the formation of fine-grained, MgO-rich olivine in the matrices of these
chondrites.
Conversely, disequilibrium condensation occurs when a gas is supercooled, and
cannot be modeled or predicted using equilibrium thermodynamics because it is controlled
by kinetic factors. Experimental condensation studies of silicates carried out under
disequilibrium conditions result in the formation of non-stoichiometric, metastable
amorphous materials (smokes) (NUTH and DONN, 1983; NUTH et al., 2000; NUTH et al.,
2002; RIETMEIJER et al., 1999; STEPHENS and KOTHARI, 1978). In cosmochemistry,
disequilibrium condensation is often used to explain the formation of phases that are not
predicted to form under equilibrium conditions, such as the metastable FeO-bearing
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amorphous silicate component of chondritic matrices. This mechanism has been proposed to
explain the metastable amorphous materials in the matrix of QUE 99177 and MET 00426
(ABREU and BREARLEY, 2010), and other pristine type 3.0 carbonaceous chondrites such as
ALH A77307 (ABREU and BREARLEY, 2010; BREARLEY, 1993; GRESHAKE, 1997) and Acfer
094 (GRESHAKE, 1997; NUTH et al., 2005). However, for MgO-rich crystalline matrix phases,
and also MgO-rich crystalline IDPs, equilibrium condensation in the nebula is relatively easy
to model and invoke as the primary mechanism of formation (GRESHAKE, 1997;
MACPHERSON et al., 1985; RIETMEIJER, 2002; STEELE, 1986). Under equilibrium conditions
forsteritic olivine condenses near 1370° C (GROSSMAN and LARIMER, 1974). Due to the
extremely unequilibrated minor element compositions observed in these matrix silicates, it is
likely that MgO-rich MET 00426 and QUE 99177 matrix materials could have also formed
by this mechanism.
Formation of MgO-rich Pyroxene by Nebular Condensation
It is also possible that MgO-rich olivine formed during equilibrium condensation
could react with nebular gas to form fine-grained pyroxene (BREARLEY, 1993). In fact, the
presence of MgO-rich orthoenstatite is likely to indicate equilibrium condensation processes
(NUTH and JOHNSON, 2006). Under equilibrium conditions, after forsterite condenses at
~1370˚ C and slow cooling begins the forsterite reacts with nebular gas to form enstatite
(GROSSMAN and LARIMER, 1974). The extremely fine-grained nature of olivine and pyroxene
in this study make this scenario very likely, as small grains should react easily with nebular
gas. There is evidence that reaction of forsterite with nebular gas is the most likely reaction
to explain the formation of MgO-rich low-Ca pyroxene that occurs in some amoeboid olivine
aggregates in carbonaceous chondrites (KROT et al., 2004c).
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Formation of LIME olivine and pyroxene by condensation in the nebula
LIME silicates are found in interplanetary dust particles and AOAs, both of which are
thought to have formed by nebular condensation processes (GRESHAKE, 1997; KLÖCK et al.,
1989; KROT et al., 2004c). For LIME silicates, equilibrium condensation in the nebula is the
favored mechanism of formation in the literature (KLÖCK et al., 1989; KOMATSU et al., 2001;
LIN and KIMURA, 1998; SCOTT and KROT, 2005). It seems likely that the LIME or nearLIME silicates in this study also could have formed as condensation products from the early
solar nebula.
Formation of MgO-rich silicates by annealing of amorphous material in the nebula
Another mechanism for the formation of fine-grained MgO-rich silicates in a nebular
environment is by annealing of a preexisting phase (metastable amorphous material or a
preexisting interstellar grain) (NUTH et al., 2005). Given the lack of evidence for parent-body
metamorphism in either chondrite, we rule out the possibility that annealing after accretion
could have played a significant role in the formation of crystalline silicates. However, it is
possible that annealing of precursor material could have occurred in the nebula. This preaccretionary, fine-grained silicate formation mechanism of fine-grained silicates has been
suggested by several authors [e.g. (BREARLEY, 1993; BREARLEY et al., 1989; KORNACKI and
WOOD, 1984)]. Experimental studies indicate that MgO-bearing silicates begin to form
during the annealing of amorphous material around 8000 C [e.g. (HALLENBECK et al., 1998;
KAMITSUJI et al., 2005)]. It is also likely that these annealed silicates could retain appreciable
amounts of the minor elements Mn and Cr if they cooled rapidly (BREARLEY, 1993). Nuth
and Johnson (2006) showed that MgO-rich compositions can condense during disequilibrium
condensation and that these MgO-rich compositions anneal to crystalline grains at much
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lower temperatures than FeO-bearing amorphous disequilibrium condensates (1100K vs
1400K, respectively).
Although nebular annealing could be a viable mechanism for the formation of
isolated olivine grains in some cases, it is not consistent with the fluffy, porous texture we
find prevalent in aggregates in both MET 00426 and QUE 99177, unless the constituents
were annealed prior to aggregation. Additionally, the presence of multiple phases (e.g.
carbonate, heat-sensitive sulfides, etc.) within a single aggregate that has a well-defined
boundary with amorphous matrix materials is strong evidence that these aggregates were not
annealed in the asteroidal environment. Furthermore, aggregates formed by annealing of
either amorphous or crystalline precursors should show 120° triple junctions and shared grain
boundaries (BREARLEY, 1989). This feature is only seen in one aggregate in MET 00426
(Fig. 21), the remaining aggregates all have porous textures, composed of grains that show
remarkable compositional disequilibrium (e.g. the presence of asymmetric zoning in MET
00426 FIB 4 aggregate grains), whereas we would expect compositional homogenization to
occur with heating. Therefore, an origin of MgO-rich olivine by an annealing mechanism
after aggregation is not likely.
In the case of the low-Ca orthoenstatites found in both meteorites, annealing of
amorphous nebular dust could be a viable mechanism at high temperatures of 560 - 980° C
(BREARLEY, 1993). Experimental annealing of amorphous MgO-Si-O smokes initially
produces a metastable assemblage of tridymite (a high-temperature SiO2 polymorph) and
metastable olivine at temperatures ranging from 5600 to 9800 C, which react to form enstatite
(BREARLEY, 1993). Although the presence of orthoenstatite is often considered evidence of
nebular condensation, a nebular annealing mechanism of formation cannot be ruled out.

64

Formation of MgO-rich silicates by chondrule fragmentation
Previous studies of carbonaceous and ordinary chondrites have suggested that some
proportion of isolated matrix olivine and pyroxene grains are the product of chondrule
fragmentation (ALEXANDER et al., 1989b; BREARLEY et al., 1989; JONES, 1992; KROT et al.,
1995) in the solar nebula, prior to accretion. Here we consider this mechanism as a possible
source for the crystalline silicates in QUE 99177 and MET 00426 matrix.
Chondrules are millimeter-sized spherules that contain Mg-Fe olivine and pyroxene,
among other phases that formed from the melting of dust aggregates (commonly called “dust
balls”) in the nebula during short, high-temperature events. Chondrules and other igneous
components (e.g. CAIs) account for a large portion of CR chondrites, up to 50 vol. %
(WEISBERG et al., 1995). There are two main types of chondrules, designated based on the
Fe/(Fe+Mg) ratio of olivine and pyroxene and their volatile element compositions. Type I
chondrules are FeO-poor (Mg# for olivine and low-Ca pyroxene is > 90), often contain blebs
of Fe,Ni metal and are volatile-poor. Type II chondrules are FeO-rich (Mg# < 90) and only
rarely contain metal phases (BREARLEY and JONES, 1998). Chondrule types are further
divided with an “A” or a “B” placed after the Roman numeral, denoting olivine-rich and
pyroxene-rich chondrule compositions, respectively (LAURETTA et al., 2006).
MgO-rich olivine formation from chondrule fragmentation
Although the chemical compositions of olivine and pyroxene are similar in major and
minor element content to the olivine and pyroxene in chondrules, several lines of evidence
indicate fragmentation of chondrules in the nebula did not contribute significantly to the
population of fine-grained matrix olivines and pyroxenes in either meteorite. First, if
chondrule fragmentation was a viable mechanism of formation for MgO-rich olivine in MET
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00426 and QUE 99177 matrices, the diameters of matrix silicates should reflect the sizefrequency distribution produced by fragmentation processes. For ordinary chondrites,
analyses of chondrule fragments show a log-normal size-frequency distribution with a peak
at 500-707 µm (NELSON and RUBIN, 2002). A detailed analysis of the distribution of
chondrule fragments has not been carried out in this study. However, optical and BSE
imaging of both QUE 99177 and MET 00426, show that very few chondrule fragments are
present in either meteorite and that grains of olivine and pyroxene >1 µm in size are rare.
Second, all the crystalline silicates identified in this study in FIB sections are of very similar
diameters (100nm to <1µm). Although this might represent the tail end of a log normal size
distribution, matrix grains with larger diameters should be more common than very small
grains, which is not the case in these meteorites. Third, the rounded to subrounded
morphologies of the majority of the matrix silicates in this study are not consistent with the
angular, fragmental textures that would form from the breakup of chondrule materials.
Finally, the aggregates of crystalline silicates and other phases observed in this study are also
not the expected products of fragmentation of chondrules.
Based on compositional evidence, an origin by fragmentation of chondrules is also an
unlikely scenario. Figure 25 shows matrix olivine data from this study plotted against
electron microprobe data from type IA and IIA chondrule olivine for CR chondrites from
other sources. The compositional data for MgO-rich matrix olivines show some overlap with
type IA chondrule olivine from CR chondrite chondrules in the MnO vs. FeO plot, but have
Cr2O3 contents that are completely inconsistent (Fig. 25). In type II chondrules Cr2O3 is
uniformly enriched up to ~0.5 wt. % (GROSSMAN and BREARLEY, 2005), meaning that we
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can also exclude grains in this study that fall outside of the range 0.2 to 0.6 wt. %, because
these are not likely to have been derived from chondrules.

Figure 25. Plot of minor elements MnO and Cr2O3 vs. FeO from this study against microprobe data from Berlin
(MET 00426 and QUE 99177 IIA individual analyses: PhD thesis), Ebel et al. (Renazzo IA average analyses for
olivine in five different chondrules; 2006), and Weisberg et al. (Al Rais, Renazzo, and Y790112 representative
analyses; 1993) (all in wt. %). Plot A shows MgO-rich matrix olivine from this study (blue and red squares)
with the compositional fields of type IA chondrule olivine analyses from CR chondrite analyses from the
literature. Notice that our data do not overlap with the literature Cr 2O3 field, but two analyses from MET 00426
and one from QUE 99177 fall within the literature MnO field. Plot B shows FeO-bearing olivine plotted with
type IIA chondrule olivine analyses from MET 00426 and QUE 99177. Three FeO-bearing olivine grains from
MET 00426 intersect these regions, indicating similar chemical compositions.
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MgO-rich pyroxene formation from chondrule fragmentation
Pyroxene in both type IB and type IIB chondrules is most commonly twinned
clinoenstatite intergrown with varying proportions of orthoenstatite depending on the cooling
rate of the chondrules (BREARLEY and JONES, 1998). Rare orthopyroxene has been described
in the chondrules of the CM2 chondrite ALHA 81002 (HANOWSKI and BREARLEY, 2000).
This rare orthopyroxene is thought to be a phase that crystallized directly from the chondrule
melt (HANOWSKI and BREARLEY, 2000). It is not a common constituent of chondrules and
has not been described in CR chondrites. As such, we would expect that pyroxene originating
from chondrule fragmentation would be dominated by twinned clinoenstatite intergrown with
orthoenstatite. Only one, relatively large (2 μm), angular pyroxene was observed in QUE
99177 in this study that exhibits this intergrowth as well as a texture that is consistent with
chondrule fragmentation (Fig. 13). All other low-Ca pyroxene grains in this study are much
smaller, pure orthoenstatite, with rounded to subrounded morphologies. Therefore, we can
reasonably conclude, with the exception of the aforementioned large pyroxene in QUE 99177
that all other QUE 99177 and MET 00426 matrix pyroxene (MgO-rich and FeO-bearing) did
not originate from fragmentation of type IB or type IIB chondrules.
MgO-rich silicate formation summary
The arguments presented above indicate that, although no scenario can be ruled out
completely, it is unlikely that the majority of the MgO-rich matrix silicate grains in MET
00426 or QUE 99177 formed by chondrule fragmentation. Although a nebular annealing
scenario cannot be ruled out, the extremely MgO-rich compositions of the majority of these
matrix silicates can feasibly be modeled in thermodynamic calculations without straying far
from the likely conditions of the nebula [e.g.(FEDKIN and GROSSMAN, 2006)], and similar
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MgO-rich silicates in primitive materials have also been attributed to nebular condensation in
the solar nebula (BREARLEY, 1993; GRESHAKE, 1997; KLÖCK et al., 1989). For these reasons
we conclude that the MgO-rich silicate compositions in MET 00426 and QUE 99177 matrix
materials also formed by condensation in the solar nebula.

In fact, the variability in

compositions points to two reservoirs of MgO-rich olivine formation; one low in MnO and
one high in MnO. These groups can be seen in the breakdown of compositional fields shown
in Figure 24. For the olivine, our data indicate that one reservoir had high MnO similar to the
LIME silicates found in other primitive materials (BREARLEY, 1993; CHIZMADIA et al., 2008;
GRESHAKE, 1997; KLÖCK et al., 1989). The other olivine reservoir had low MnO, and both of
these MgO-rich olivine reservoirs had low Cr2O3 (Fig. 24).
Possible origins of FeO-bearing Olivine and Pyroxene
As previously noted, the presence of FeO-bearing silicates in pristine solar system
materials is a matter that is debated extensively in the literature. Unlike MgO-rich olivine, the
formation of FeO-bearing silicates by nebular equilibrium condensation is extremely
problematic. Therefore alternative mechanisms for the incorporation of Fe into olivine and
pyroxene in a nebular environment must be considered. The complexities of this issue will be
explored in the following discussion.
Formation of FeO-bearing silicates by Nebular Condensation
The problems of forming FeO-bearing silicates, either olivine or pyroxene, by
equilibrium condensation, even under extreme conditions, are the subject of many papers
[e.g. (EBEL and GROSSMAN, 2000; FEDKIN and GROSSMAN, 2006)]. This has been a major
discussion point in the literature because FeO-bearing olivine (> Fa5) is the most abundant
phase in the matrices of type 3 unequilibrated ordinary (>Fa15) (ALEXANDER et al., 1989a)
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and carbonaceous chondrites of petrologic type 3.1 and above (up to Fa50 in CV and CO
chondrites) (BREARLEY and JONES, 1998). However, this abundant FeO-bearing olivine is
now widely considered not to have a primary nebular origin, but is the result of parent body
thermal metamorphism of matrix materials, even in low petrologic type meteorites (>3.05)
(ABREU and BREARLEY, 2011; DOBRICĂ and BREARLEY, 2011; DOBRICĂ and BREARLEY,
2012; GROSSMAN and BREARLEY, 2005; KROT et al., 2004a; NUTH et al., 2005). However,
the fact that low abundances of FeO-bearing olivine and pyroxene are present in the matrices
of QUE 99177 and MET 00426 is an important new observation that indicates that at least
some FeO-bearing matrix silicates can have a nebular origin. Here we discuss the issues
associated with the formation of FeO-bearing silicates in more detail.
Thermodynamic equilibrium condensation calculations show that under canonical
solar nebular pressures (10-5 atm) Fe should remain metallic in the stability field where
olivine first condenses at high temperatures, near 1450 K (EBEL, 2006; FEDKIN and
GROSSMAN, 2006). As a result, the initial olivine condensate is pure forsterite. However, the
mole fraction of fayalite in olivine is predicted to rise as metallic Fe is oxidized while the
system cools. The process of forming FeO-bearing olivine grains is complex and involves the
progressive condensation of iron-bearing olivine onto earlier formed MgO-rich olivine
(FEDKIN and GROSSMAN, 2006). Magnesium-iron interdiffusion within the grains will cause
continuous homogenization of the grains, provided that condensation occurs at temperatures
high enough for diffusion to be effective. Fedkin and Grossman (2006) estimated that the
minimum mole fraction of fayalite (XFa) of chondrule olivine precursors in unequilibrated
ordinary chondrites should be ~0.145. Their thermodynamic calculations showed that
because the nebular gas is extremely reducing, this XFa value is only reached when the
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system has cooled to 600 K. However, at this temperature the rates of Fe-Mg diffusion in
olivine are extremely slow, inhibiting formation of even micron-sized fayalite-bearing grains
with XFa = 0.145 (FEDKIN and GROSSMAN, 2006).
However, incorporation of Fe into olivine is possible if the oxygen fugacity is
assumed to be much higher than that of the solar nebula (PALME and FEGLEY, 1990;
WEINBRUCH et al., 1990). Experimental studies of FeO uptake by forsterite at high
temperatures (1573 K) confirm that this reaction happens readily under oxidizing conditions
(DOHMEN et al., 1998). However, the only way to invoke these conditions in a nebular
environment is to increase the dust enrichment prior to vaporization and subsequent
condensation of olivine. If the precursor dust was composed of O-rich grains (e.g. silicates)
along with water ice, vaporization of this material would drive the fo2 up several orders of
magnitude, near the threshold necessary to enhance the oxidation of Fe in the metallic state to
Fe2+ that can condense as fayalite in olivine rather than Fe metal. After the dust-enrichment
model was introduced, Fedkin and Grossman (2006) modeled the effects of dust on nebular
Fa production during equilibrium condensation to try and model the production of FeObearing olivine in unequilibrated ordinary chondrites, which has an average composition near
Fa15. They showed that even dust enrichments 103 x solar composition are insufficient to
increase the Fa content of olivine crystals (with radii of 1 µm to 3 µm) to the contents
observed in extraterrestrial samples, thus showing this scenario is highly unlikely.
Furthermore, Fedkin and Grossman (2006) showed that only a system enriched in dust by a
factor of 125 [close to the maximum found in coagulation and settling models (CASSEN,
2001)] could produce olivine with similar dimensions (up to 3 µm) that yield enhanced FeO
contents. Fedkin and Grossman (2006) concluded that this exact combination of factors
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leading up to olivine condensation was unlikely, and that equilibrium condensation of FeOrich olivine should not be considered a viable explanation for the formation of the fayalitebearing olivine precursors of chondrules in ordinary chondrites. This model indicates that it
is extremely difficult to produce FeO-bearing olivine with compositions of Fa15 by
equilibrium condensation, and this problem is even more acute when one considers that FeObearing olivine in carbonaceous chondrites can often reach compositions of Fa50, making
nebular equilibrium condensation of FeO-bearing silicate phases all the more unlikely in the
case of MET 00426.
This argument can also be applied to the formation of FeO-bearing low-Ca pyroxene,
because pyroxene forms at lower condensation temperatures than olivine in the nebula after
preexisting FeO-bearing olivine reacts with nebular gas. For this reason it is even less likely
that condensation processes could account for the formation of FeO-bearing crystalline
pyroxene; but if condensation did have a role, then silicates in MET 00426 must have formed
under more oxidizing conditions than those in QUE 99177 because MET 00426 silicates
generally have higher FeO contents.
Formation of FeO-bearing silicates by Annealing of Nebular Materials
An alternative nebular formation mechanism for FeO-bearing silicates might be the
annealing of amorphous metastable FeO-bearing silicate grains within the nebula. Several
authors have suggested that this process could be important in the formation of FeO-bearing
phases in chondrite matrices [e.g. (BREARLEY, 1993; BREARLEY et al., 1989; KORNACKI and
WOOD, 1984). Nuth and Johnson (2006) performed calculations based on grain diameter and
density to ascertain the peak temperatures and times preexisting amorphous grains would
need to reach in order to crystallize. They concluded that by annealing mixtures of
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amorphous FeO-, MgO-bearing silicate grains for long periods of time at relatively low
temperatures, both types of grains could anneal to form crystalline silicates, but FeO-bearing
grains require temperatures 300K greater than the temperatures required to form crystalline
MgO-bearing grains. Nuth and Johnson (2006) argued that the temperature necessary to form
FeO-bearing crystalline materials is ~1400K; a temperature that is difficult to model in the
nebular midplane unless short-lived, flash-heating events are invoked. In the same 2006
paper, Nuth and Johnson constructed a model for crystallization of silicates based on the
shock wave chondrule formation model of Harker and Desch (2002). In this model a shock
wave passes through the midplane, releasing large amounts of energy and heat as the wave
compresses, creating short-lived and very high temperatures. This flash heating event anneals
the amorphous grains for short periods of time (seconds). The calculations indicate that flash
heating events could produce a small proportion (10-15%) of small (hundreds of nanometers
in diameter) crystalline FeO-bearing silicates. They suggest that the presence of FeO-bearing
crystalline silicates in primitive chondrites implies that these grains were formed in a shockwave environment, similar to the environment that may have given rise to chondrules.
Although there is still uncertainty in the details of these models, based on the available
constraints, annealing of amorphous disequilibrium condensates in a short-lived heating
event is probably the most viable mechanism for the formation of FeO-bearing silicates in the
matrices of MET 00426 and QUE 99177. This argument applies to both FeO-bearing olivine
and pyroxene, but pyroxene needs to be held at a constant temperature for longer periods of
time in order to reach a stable crystalline state.
Further to this point, textural evidence is a good indicator of annealing history. It is
possible to discern whether silicates have been annealed based on their morphology (e.g.
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euhedral grains have likely been held at temperatures that allow recrystallization to occur). In
this study one aggregate in MET 00426 FIB 2 shows 120° triple junctions that are indicative
of solid-state thermal processing (Fig. 21). This aggregate is composed of slightly FeObearing olivine (FeO = 1.5 and 3 wt% in two grains with quantitative analyses). This
observation certainly does prove that the olivines themselves formed by annealing, but
provides circumstantial evidence that thermal processing played a role in the evolution of the
aggregate. Other possible explanations for this texture are plausible; these olivines may
originally have been MgO-rich but reacted with some other FeO-bearing phase during
annealing to form the slightly FeO-bearing olivine compositions.
Formation of FeO-bearing silicates by Chondrule Fragmentation
For the same reasons outlined in the MgO-bearing silicate discussion, the low-Ca
orthoenstatites, FeO-bearing or MgO-rich, are unlikely to be derived from chondrules
because they do not exhibit the clino- and orthoenstatite intergrowths that are indicative of
chondrule pyroxene, although as previously mentioned, orthopyroxene can form in
chondrules as a rare polymorph. We therefore focus here only on the possibility that FeObearing matrix olivine grains may have formed from chondrule fragmentation. Iron-bearing
olivine grains occur mainly in MET 00426, with only two FeO-bearing grain located in QUE
99177 samples. Chemically, many of the FeO-bearing olivine grains in this study fall within
the well-established compositional gap, seen in Figure 25, that separates type I chondrules
from type II chondrules that occurs around 3 wt. % FeO (GROSSMAN and BREARLEY, 2005),
effectively ruling out the possibility that they could have formed from chondrule
fragmentation. Furthermore, all grains that are constituents of aggregates are very unlikely to
have formed from chondrule fragmentation. However, the compositional gap and aggregate
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olivine argument cannot be applied to dismiss a chondrule origin for all FeO-bearing matrix
olivine. Several olivine grains have compositions that plot within the CR chondrule olivine
range with respect to FeO, MnO, and Cr2O3 (Fig. 25B), implying that chondrule
fragmentation could be a plausible mechanism of formation for a select few FeO-bearing
olivine grains.
However, texturally the problem remains that the MgO-rich and FeO-rich populations
of matrix olivines exhibit subrounded to rounded morphologies, with occasional elongate
grains, all with no evidence of fragmentation. Additionally, the diameters of FeO-bearing
olivine in this study also do not satisfy the size-frequency distribution that occurs when
chondrules undergo fragmentation (RUBIN, 1989). Based on the available data, we consider
chondrule fragmentation to be an unlikely scenario for MgO-rich and FeO-bearing matrix
olivine formation in QUE 99177 and MET 00426 matrices, but as the chemistry of these
olivine, in a few cases, lines up well with that of CR type IIA chondrule olivine we cannot
rule out a chondrule fragmentation mechanism completely.
FeO-rich silicate formation summary
In summary, based on the discussion above, the most probable mechanism for the
formation of FeO-bearing silicates in MET 00426 is annealing of precursor FeO-bearing
amorphous precursors during a nebular flash-heating event. Such events are now widely
considered to be common in the solar nebula and are caused by the decompression of shortlived shock waves, as proposed in the shock wave model for chondrule formation
(CONNOLLY and DESCH, 2002; HARKER and DESCH, 2002). However, a small population of
grains may originate from nebular fragmentation of chondrules, but equilibrium nebular
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condensation appears to be ruled out as a possible formation mechanism, based on all current
available constraints.
For some chondrites, such as the Allende-like subgroup of the oxidized CV
chondrites, metasomatic processes may have played a role in the formation of FeO-bearing
silicates (BREARLEY and KROT, 2012). However, the presence of FeO-bearing silicates in the
matrix material of an extremely unequilibrated chondrite like MET 00426 indicates that the
silicates must have formed before accretion. While we cannot rule out an origin from
chondrule fragmentation for these silicates, it is not likely that the majority of FeO-bearing
silicates in this study were formed in this manner, aside from those with fragmental
morphologies and chondrite-like chemistries (< 3 grains). We believe that the only likely
scenario of FeO-bearing grain formation involves annealing of amorphous, metastable FeObearing materials in the solar nebula. In order to achieve the temperatures needed to mobilize
Fe into the olivine structure (~1400K), it is logical to assume that a flash heating event could
have occurred, such as a shock wave that released much energy, in the form of heat, into the
midplane. This is similar to events that may have formed chondrules, could have annealed
these grains in a similar fashion, yielding crystalline FeO-bearing silicates that later accreted
into asteroids.
Origin of MET 00426 FIB 1-Olivine-sulfide-carbonate aggregate
In all the previous TEM studies of fine-grained matrix in QUE 99177 and MET
00426, using both ion milled samples (Abreu and Brearley, 2010) and FIB samples [Abreu
and Brearley, 2010; Le Guillou and Brearley, 2012 (in review)], no carbonate grains have
been found. However, it should be noted that rare Ca-carbonate grains were identified by
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Abreu and Brearley (2010) and Lin and Weisberg (2011) in their larger scale SEM studies of
these two meteorites.
In this study, only one very unusual occurrence of carbonate was discovered, in an
olivine-sulfide-carbonate aggregate. No other occurrences of carbonate occur in any other
FIB section of MET 00426. This aggregate is therefore unique and presents some challenges
to explain its origin. The carbonate grains all have intermediate Mg/Mg+Fe ratios ranging in
composition from Sd52 to Sd62. Olivine compositions in the aggregate are Fo70-75 with
variable Cr2O3 and MnO contents; one grain of forsterite has the highest concentration of
Cr2O3 found in this study (2.3 wt. %, >1wt % higher than other matrix olivine), making this
aggregate in particular one of the least equilibrated objects described in this study
The carbonates in MET 00426 FIB 1 have structures and compositions consistent
with siderite, an Fe,Mg carbonate that has not been reported previously in CR chondrites.
The main carbonates in CR chondrites are typically Ca-carbonates [e.g. (ABREU and
BREARLEY, 2010; LIN et al., 2011; WEISBERG et al., 1993) although Weisberg et al. (1993)
did report carbonates with small percentages of FeO, MgO and MnO.
Conventionally, carbonates are considered to be evidence of aqueous alteration on
asteroidal parent bodies [e.g. Brearley (2006)]. However, sideritic carbonate, in particular, is
extremely unusual, the only other known occurrence being in the highly altered CR1
chondrite GRO 95577 (TYRA et al., 2011). In GRO 95577, this secondary carbonate has
elevated MnO contents, quite different from the low-MnO siderite in the QUE 99177
aggregate. FeO-bearing magnesite does occur in CI chondrites, but typically contains < 35
mol% siderite (JOHNSON and PRINZ, 1993). Evidence of incipient aqueous alteration has
been documented in the matrix of MET 00426 (LE GUILLOU and BREARLEY, 2010), but this
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alteration is limited to localized nano-phyllosilicate formation. The lack of carbonate in all
previous studies of MET 00426 matrix, even where phyllosilicates are present [e.g. (LE
GUILLOU and BREARLEY, 2012)], makes this aggregate quite anomalous, both in CR
chondrites and altered carbonaceous chondrites in general.
There are two possibilities for the formation of this aggregate: aqueous alteration that
formed carbonate as a secondary phase, or direct nebular condensation of carbonate.
Explaining the formation of siderite in this aggregate as the product of aqueous alteration is
difficult for several reasons. 1) Siderites identified in this study exist exclusively within this
aggregate and have been found nowhere else in the matrix; 2) The aggregate contains some
of the least equilibrated materials found in this meteorite (i.e., a forsterite grain with 2.3 wt.
% Cr2O3), as well as sensitive nano-sulfides, all of which are in direct contact with the
siderites; and 3) The aggregate does not contain any evidence of phyllosilicate development
or other signs of aqueous alteration.
The first carbonates to form during aqueous alteration are usually Ca-bearing [e.g.,
(JONES and BREARLEY, 2006)], and precipitation of siderite is more difficult than calcite
during aqueous alteration (FAIRÉN et al., 2004; ROMANEK et al., 2009). Jones and Brearley
(2006) showed that calcium is much more soluble in aqueous solutions at moderate pH than
Fe and Mg, and calcite is the most common phase observed in the least aqueously-altered
chondrites (BREARLEY and JONES, 1998). Although there is some disagreement on the
relative rates of magnesite and siderite precipitation relative to calcite, it is clear that calcite
precipitation is much faster. Theoretical estimates indicate that the relative precipitation rates
of magnesite and siderite are ten and eight orders of magnitude lower, respectively, than
calcite precipitation rates under similar conditions (ROMANEK et al., 2009). However, more
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recent experimental estimates suggest siderite precipitation rates five orders of magnitude
less than calcite (JIMÉNEZ-LÓPEZ and ROMANEK, 2004; LIPPMANN, 1973; ROMANEK et al.,
2009). These data support the view that Ca-carbonate would be the expected carbonate
phase, rather than siderite or magnesite if the aggregate had been affected by aqueous
alteration. Further, if conditions are moderately reducing, then the phase with most stability
is sulfide (pyrrhotite), and sulfides form preferentially over siderite (BERNER, 1981).
Therefore, aqueous alteration cannot be ruled out completely, but the lack of
association of these siderites with aqueous alteration products raises the possibility that they
formed by direct nebular condensation. In Stardust samples a small (~200 nm) Mg-Fe
carbonate grain associated with amorphous silica and Fe sulfide has been found (MIKOUCHI
et al., 2007). This grain, and other Fe-bearing carbonates from comet 81P/Wild 2 have been
considered products of aqueous alteration. However, more recently some authors have
argued that the lack of other asteroidal aqueous alteration products, combined with the
presence of anhydrous minerals in the same Stardust track (which indicates that the grains
were part of a larger aggregate) is evidence that comet grains are actually disequilibrated
aggregates [e.g. (WOODEN et al., 2005)]. Historically, however, the formation of carbonates
by nebular processes has been considered highly unlikely because the nebular carbon dioxide
partial pressure was not high enough (ARMSTRONG et al., 1982; ZOLENSKY and BROWNING,
1997). However, recent experimental data on the topic of direct carbonate condensation [e.g.
(TOPPANI et al., 2005)] support the idea that carbonates can condense in the nebula, although
caveats exist in the experimental data such as transient heating events, lower than canonical
nebular pressures, and rapid cooling in the presence of water vapor. The experimental data
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on carbonate condensation is very limited and we can only make this suggestion based on the
low probability that aqueous alteration played a key role in forming this material.
Comparison of crystalline silicates in MET 00426 and QUE 99177 with other chondritic
materials
A genetic link between pristine carbonaceous chondrite materials and other primitive
early solar system material, such as IDPs and AOAs has been suggested by multiple authors
in the literature [e.g. (BRADLEY et al., 1988; KROT et al., 2004c; SCOTT et al., 1988; SCOTT
and KROT, 2005)]. In this section, we explore the links between the pristine silicates in this
study and the silicates in other primitive solar system materials.
Matrix olivine and AOAs
Forsteritic olivine is found widely in chondritic meteorites as a mineralogical
component of chondrules, AOAs, and the fine-grained matrices described in this work and
other studies [e.g. (BREARLEY, 1993; GROSSMAN et al., 1988; KROT et al., 2004b)]. AOAs are
irregularly-shaped refractory objects dominated by highly forsteritic olivine grains, but may
also contain minor low-Ca pyroxene, diopside, anorthite, spinel or melilite that are
considered to form from nebular condensation (KROT et al., 2004c). AOAs are widely
considered to be the result of nebular condensation, and are in fact one of the few types of
refractory inclusions for which there is widespread agreement on this formational mechanism
(KROT et al., 2004b). These objects are also postulated to represent the missing genetic link
between ancient CAIs and younger chondrules [e.g. (KROT et al., 2002a; KROT et al., 2004c;
WEISBERG et al., 2004)].
A comparison between the compositions of MgO-bearing olivine in the matrices of
MET 00426 and QUE 99177 and olivine from AOAs in pristine chondrites suggests that
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there may be close affinities between the two. Figure 26 illustrates that, with the exception of
several slightly FeO-bearing olivine analysis points, the FeO contents of olivines in MET
00426 and QUE 99177 olivines closely agree with the range of values in the AOAs.
Likewise, Cr2O3 and MnO data also match extremely well. The overall close agreement of
data could indicate that these MgO-rich grains are genetically-related to AOAs.
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Figure 26. Minor element data for olivine in this study and AOAs. MnO (wt. %) is shown in A and Cr 2O3 (wt.
%) is shown in B. The olivine grains from MET 00426 and QUE 99177 (blue and purple dashes) are analytical
electron microscope analyses. These data are plotted against representative electron microprobe analyses of
olivine in AOAs from pristine chondrites (red and green squares), reported in the literature. Weisberg et al.
(2004) data includes only CR chondrites (neither MET 00426 nor QUE 99177). Krot et al. (2004) data are
representative analyses from Acfer 094 (ungrouped 3.0), Adelaide (ungrouped 3.0), PCA 91082 (CR), and
Efremovka. All the olivine data plot in a very similar compositional field, providing a possible genetic link
between these objects.
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The relationship of QUE 99177 FIB 4 Olivine aggregate to AOAs
One aggregate in QUE 99177 in particular, shown in Figures 16 and 17, bears a
micro-scale resemblance to the larger AOAs found in carbonaceous chondrites. When minor
element data of olivine in this aggregate is compared with that of AOA olivine (Fig. 27),
there is close compositional agreement, particularly in the Cr2O3 data. It is plausible that this
object might be a proto-AOA, representing the first stages of AOA formation, which has
never before been observed in chondrites. This object is certainly much smaller than any
AOA identified to date in carbonaceous chondrites. However, given that AOAs in the
different chondrite groups can range in size from up to 5 mm in CV chondrites down to a few
tens of microns in CO chondrites (Han and Brearley, unpubl. data; Krot et al. (2004)), there
appears to be no reason why this continuum of sizes could not continue down to the
submicron scale. Given that AOAs are widely considered to be nebular condensates, this
correlation also supports the previous argument that MgO-rich olivines in the matrices of
QUE 99177 and MET 0046 formed as a result of equilibrium nebular condensation.
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Figure 27. Minor element data for olivine in QUE FIB 4 aggregate (Fig. 16 and 17) and AOAs; MnO (wt. %) is
shown in A and Cr2O3 (wt. %) is shown in B. The olivine grains from MET 00426 and QUE 99177 (blue and
purple dashes) are analytical electron microscope analyses. These data are plotted against representative
electron microprobe analyses of AOA olivine from pristine chondrites (red and green squares). Weisberg et al.
(2004) data includes only CR chondrites (neither MET 00426 and QUE 99177). Krot et al. (2004) data are
representative analyses from Acfer 094 (ungrouped 3.0), Adelaide (ungrouped 3.0), PCA 91082 (CR), and
Efremovka. These olivine, more so than all others (Fig. 26), plot in a very similar compositional field with
AOAs, providing a possible genetic link between these objects.
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MET 00426 and QUE 99177 matrix silicates and IDPs
One of the objectives of this work was to compare the crystalline silicates in MET
00426 and QUE 99177 with those of IDPs, because IDPs are thought to be primitive
asteroidal material or cometary dust (BRADLEY et al., 1988). In most primitive meteorite
classes, MnO contents in olivine and pyroxene do not exceed 0.5 wt. % and show no
correlation with FeO. However, in some primitive solar system materials, such as IDPs and
AOAs, MnO content can exceed 1 wt. %. Klöck et al. (1989) described 18 chondritic porous
interplanetary dust particles (a small fraction of all anhydrous silicates in IDPs) that showed
anomalous MnO contents of up to 5 wt. % in olivine and pyroxene, dubbing these grains
LIME silicates. In Figure 28 we compare our data with those of LIME olivine (28 A and B)
and LIME pyroxene compositions (28 C and D) in IDP grains. Although only two matrix
olivines in QUE 99177 have high enough MnO content to be classified as LIME (~1wt. %
MnO), our data generally plot at the lower end of the linear correlation defined by MnO and
FeO in LIME olivine, suggesting similar formation mechanisms. Also similar to LIME
grains, QUE 99177 olivine and pyroxene data show a positive correlation between FeO and
MnO content. The average Mn/Fe ratio of MET 00426 MgO-rich olivine is 0.7, for MET
00426 MgO-rich pyroxene is 0.2, for QUE 99177 MgO-rich olivine is 0.5, and for QUE
99177 MgO-rich pyroxene is 0.4. These data establish that LIME olivine and pyroxene are
present in CR chondrites, adding more evidence to a possible link between IDPs and
chondritic meteorites, and these matrix grains could represent a further bridge between IDP
and primitive chondrite formation. Additionally, the occurrence of these materials in both
chondrites and IDPs points to large-scale mixing in the nebula (KLÖCK et al., 1989).
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Figure 28. Plots of MnO and Cr2O3 vs FeO for all high quality AEM analyses of olivine (A and B) and pyroxene (C and D)
from MET 00426 and QUE 99177 matrices compared with data from Klöck et al. (1989) for Low Iron, Manganese Enriched
(LIME) olivine from chondritic interplanetary dust particles (IDPs; AEM analyses). Only data with <5 wt. % FeO are
shown. LIME olivine grains in IDPs have higher MnO and Cr2O3 in most cases (up to 5 wt. %; y-axis is limited for clarity
and these high LIME points are omitted). LIME olivine from IDPs and QUE 99177 olivine both show a positive correlation
between MnO and FeO content (B). LIME IDP pyroxene grains and QUE 99177 and MET 00426 low-Ca pyroxene show a
positive correlation between MnO and FeO, as well as Cr2O3 and FeO.
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5: CONCLUSIONS
Detailed FIB-TEM studies of multiple FIB sections of fine-grained matrix in the
pristine CR chondrites MET 00426 and QUE 99177 show that they contain a small
percentage of crystalline silicate grains (olivine and pyroxene) that have not been
characterized in detail before. These silicates occur either as isolated grains surrounded by
amorphous matrix materials, or they are constituents of single- or multi-phase aggregates.
When the entire dataset is considered, the major and minor element chemistry of both
isolated and aggregate olivine and low-Ca pyroxene grains shows considerable compositional
variation and are clearly highly unequilibrated. However, the compositional ranges of
isolated and aggregate grains do overlap.

In addition, when individual aggregates are

considered, some aggregates contain grains with a narrow range of compositions, suggesting
that they may have undergone annealing and compositional equilibration prior to accretion.
Nevertheless the fact that the crystalline silicate population displays significant
compositional diversity at the nano-scale demonstrates that these are truly pristine samples
that provide a unique opportunity to study fine-grained nebular silicates that have been
unaffected by parent-body processes such as aqueous alteration and thermal metamorphism.
Although the crystalline silicates are very similar in their textures and occurrence
within the matrices of these two chondrites, the silicates in MET 00426 are typically more
FeO-rich than those in QUE 99177. We suggest that several distinct compositional groups
are evident within the silicate populations of both meteorites, and these groups are
differentiated based on their Mg, Fe, Mn, and Cr contents. These different groups probably
indicate the matrices of these two meteorites sampled silicate grains from different nebular
reservoirs.
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We propose that one of the major groups of crystalline silicate grains in the matrices
of both meteorites, namely forsteritic olivine, including LIME olivine, likely formed by
equilibrium condensation in the solar nebula. However, annealing of amorphous silicate
precursors cannot be completely ruled out. Equilibrium condensation, however, cannot
readily account for the FeO-enrichment seen in many olivine grains in MET 00426 and
several in QUE 99177. In order to achieve FeO contents in olivine of >2 wt %, it is more
likely that an amorphous silicate precursor produced by disequilibrium condensation was
annealed in the nebula, probably during short-lived, high-temperature events such as those
that probably formed chondrules. There is little evidence for derivation of the fine-grained
olivine by fragmentation of chondrules in the solar nebula and so we rule this mechanism out
as a significant source of crystalline matrix olivine grains.
In the case of the low-Ca pyroxene, with the exception of one grain, the only enstatite
polymorph present in the matrices of MET 00426 and QUE 99177 is orthoenstatite. For very
MgO-rich orthoenstatite, formation either by reaction of the nebular gas with olivine during
equilibrium condensation or annealing of amorphous disequilibrium condensate precursors
are both viable formation mechanisms. In contrast, to form the FeO-bearing orthoenstatite
that is most common in MET 00426, annealing of mixed Mg-Fe amorphous silicate
condensates appears to be required, because of the problems of forming FeO-bearing silicates
by nebular equilibrium condensation.
This study also provides evidence of possible genetic links between submicron matrix
materials and other primitive solar system objects. The distinct chemical similarity between
matrix olivine, AOAs, and IDPs indicates that a common formational mechanism could be
responsible for some or all of these objects. In demonstrating this similarity, we also add

89

more evidence to the idea that wide scale nebular mixing occurred, as these materials are
found in an array of different primitive materials. Although these correlations indicate
nebular mixing, this mixing was also coarse enough to keep the populations of submicron
materials in MET 00426 and QUE 99177 separate and distinct from one another at the
submicron level.
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Appendix 1: All FIB sections
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